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ABSTRACT
A microfabricated colloidal array scheme has been proposed to design and develop a col-
loid engine based on any colloidal substance or even ionic liquids. The design proposes to
build the engine in halves, in order to obviate the maximum width-to-length ratio that a
duct can have by using microfabrication techniques; the design also contemplates the
existence of both extractor and accelerator electrodes in order to reach the required Isp and
focus the droplet jet.
The proposed design procedure was used to build a colloid engine that uses as colloid pro-
pellant formamide doped with Nal; the engine is composed of one hundred and twenty
one needles distributed among eleven manifolds. A set of eight masks was tailored to pro-
cess the halves of the engine as a trade off between robustness and engine performance.
The experimental results consist of the microfabrication processes related with the first
three masks, corresponding to the aligning marks, duct formation and electrode ring bed
formation. The remaining microfabrication steps are expected to be completed during the
summer of 2001.
All the experiments for the first prototype are also expected to be finished by the end of
the summer of 2001, and then we will move towards a more advanced engine concept.
It has been proposed to change the substrate material from silicon to quartz in order to
increase the engine breakdown voltage. A new colloid engine generation has also been
proposed using three wafers, carving the ducts along the bottom wafer, forming the emit-
ter tips and the extractor electrodes on the middle wafer and generating the accelerator
electrodes on the top wafer.
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In order to increase substantially the specific impulses a change from formamide to ionic
liquids has been suggested: this decision would also eliminate other problems such as
clogging but might eventually introduce others, like the need to heat up the propellant up
to temperatures where the ionic liquid has high electrical conductivity.
Thesis Supervisor:
Prof. Manuel Martinez-Sanchez
Dept. of Aeronautics and Astronautics
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Chapter 1
INTRODUCTION
1.1 Motivation
The future opens its doors immersed in a dawn full of new challenges and opportunities to
demonstrate once more the limitless capabilities of human spirit and perseverance. The
unknown no longer resides within our world but outside it, into the space. New problems
have risen with the resolution to make space useful for our civilization and they should be
satisfied. Microsatellites and several other spacecraft are in need of a new generation of
engines that can provide thrust of the order of gN while meeting a specific impulse
requirement (formally known as Isp): several missions such as global positioning, drag
correction and spacecraft orientation need not only low thrust bursts but also engines that
can be accurately controllable. Colloid thruster engines can fill these needs.
Colloidal engines are electrostatic accelerators of charged liquid droplets that are neutral-
ized downstream by an electron flow that carries the same magnitude of current. Colloid
engines were proposed as an alternative to ion engines. Colloid engines were attractive
because, based on the reduced order models that are used to determine their behavior, col-
loid engines have a large 'molecular mass' and due to their high voltage of operation, they
were thought to be more efficient while having an adequate Isp (It is possible to character-
ize with a potential drop the losses per unit charge; therefore, for a higher potential of
operation the efficiency should become higher; on the other hand the Isp, as it will be seen
on a later chapter, is proportional to the square root of the charge per unit of mass of the
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particle that is accelerated, formally known as specific charge). The next figure is useful in
understanding the concept behind a colloid thruster:
Acceterator
voltage
Droplets
Droplet cone
boundary
Neutraoizer
Figure 1.1 Schematic of a basic colloid emitter.
Interest in colloid propulsion decreased after 1974 because of several factors, among
them:
- The general down turn in space technology after the Apollo program.
. The perfectioning of the Kauffman ion engines, which are similar in effi-
ciency but less complex.
- The need of high voltage operation.
- The difficulty to scale up the engines for thrusts far larger than mN. Difficul-
ties such as evaporation due to the large needle diameters and network inter-
actions arose.
The interest in developing colloid engine technology has raised again since the last
decade; the following reasons are the most relevant:
* New spacecraft such as microsatellites (with masses below 20 Kg.), and pre-
cision AC and orbit control (like drag correction in low orbits) have created
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a demand on scaled-down efficient space engines. Therefore, there is a new
market in need of a better solution compared to the current options.
" Developments in the field of spray ionization. These developments have
been motivated by other research fields such as the extraction of macromole-
cules from liquid samples and mass spectroscopy. As a result, the previous
problems with the maximum specific charge have been overcome and there-
fore, lower voltages can be used to meet the same thrust.
e The maturation of the microfabrication procedures. The quick growth of sili-
con based technologies has made it possible to build devices quite small
while highly packed on a given surface without sacrificing accuracy. At the
time this thesis is written the state of the art is 0.1 micron transistors and a
photolithography based on UV light. These technologies have been tuned up
through decades of interaction with new products and approaches to do
things in a different way and they have made it possible to build MEM's.
1.2 Engine Types
Colloid engines are not the only possibility to achieve the thrust and Isp levels that are
required for the suggested missions. Among the other alternatives to accomplish their
work the following are the most relevant:
Pulsed Plasma Thrusters (PPT's). These engines use a high current pulsed discharge to
evaporate and ionize teflon molecules and thus put them into a plasma pulsed stream.
Their draw-backs are the low efficiency and the relatively high power that is required to
operate. The advantage is that this kind of engine has a simple concept which has been
tested, developed, and it is part of on-orbit positioning systems.
Hall Thrusters. The main thrust source of these engines is the magnetic force from the
Hall drift of the plasma electrons (the coils make electrons drift azimutally in the plasma
chamber and exert on them a magnetic force; because of action/reaction considerations the
same magnetic force is exerted in the coils. This way a Hall thruster is a magnetostatic
engine: ions are just accelerated electrostatically). Among the problems that these engines
have are the heat production from heating up electrons and damage to the walls produced
by high energy ions. If it were wanted to scale it down the creation of gas ions would
require that the mean free path be reduced to increase the plasma density while preserving
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the ionizing collisionality; even though the energy loss-per-ion remains in the same ratio
with respect to the energy input, the ion flux is increased and therefore, more ions per unit
of area per unit of time will hit the chamber surfaces while threatening the life of the
plasma chamber (higher erosion rates). The thruster also needs a magnetic field to
decrease the diffusivity of the electrons in order to amplify the probability of ionization
and to avoid short circuit between the electrodes. This fact generates another conflict
related with scaling-down: in small devices this magnetic field might not be strong enough
and the ionization efficiency of the Hall thrusters drops substantially; if the magnetic field
is strong enough it would imply a larger engine mass (coils are not easily scaled down
because they would burn up while driving the current needed to produce a given magnetic
field with smaller turns) and thus a reduction of the power per unit of engine mass that is
produced.
Ion Engines. An ion engine is an engine that uses a grid to electrostatically extract ions
from a plasma to use them as a propulsive stream. These engines have high Isp and effi-
ciencies that can be above 0.75. Their problems with meeting the requirements of the kind
of missions that were pointed out in the beginning of the chapter are related with the ion
engine size and weight: there is an electrostatic effect that determines the maximum cur-
rent flux per unit of area that a grid can move. This is due to space charge saturation
between the extraction grid system. This space charge saturation limit implies that ion
extraction is dependent on the acceleration voltage and also that in order to achieve a
given thrust level the ion engine should have larger dimensions than a colloid engine, in
the kind of missions that were pointed out before. Ion engines would also have miniatur-
ization problems similar to the problems presented with the Hall thrusters because they
also need to create a plasma to ionize the propellant.
Field Effect Electric Propulsion (FEEP). A FEEP engine extracts ions directly from a
metal in liquid phase thus avoiding the need for gas ionization. FEEP engines are around
98% effective, with Isp of the order of 10 000 s and thrusts of the order of micronewtons
to milinewtons. These thrusters are the most seriously competition against the colloid
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engines. On the other hand the FEEP's need more potential difference to function and can-
not be clustered in the way colloid engines can be (based on MEM technology; MEM
stands for Micro Electro Mechanical devices). In other words the FEEP engines do not
have the thrust per unit of engine weight that the MEM-colloid engines would have. Also,
liquid metals are not favored by spacecraft operators.
1.3 Outline
Colloidal engines show their largest advantage on scale-down conditions (they do not
have a gas phase ionization involved), and therefore they are the ideal candidate for the
proposed missions in terms of weight, reliability, efficiency, propellant consumption and
fulfillment of the mission profile.
Colloid engines are part of the electric engine class for space applications, a group that has
the key characteristic of having high specific impulses, i.e. a better use of the propellant
mass. The colloid engines that are proposed in this work can be tuned up from 200 to 500
s of Isp and they eventually can reach higher levels if some electrical insulation issues are
solved and/or a better propellant is used.
The core of this research work is to use microfabrication techniques to obtain highly
packed colloid emitters. Microfabrication was born as the result of trying to make better,
faster and more reliable transistors and solid state devices to give solution to new prob-
lems such as heavy numerical calculations. Since the first time a transistor existed the
microfabrication technology has improved enormously and now it makes it possible to
build on a small substrate surface many independent dies that can be anything from cir-
cuitry to machines. The technology is able to produce machines with minimum features
below 1 micron while having respectable yields. As a secondary result, this fabrication
race has devised procedures that can be applied to other fields in order to solve different
problems.
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Given the fact that the physical set up of a colloid engine is rather simple, if there were the
possibility to produce an engine with high density of ducts per unit of surface area, and the
thrust produced by each needle were small enough, these engines would be able to pro-
duce thrusts in steps close enough to simulate a continuum range; in other words, the
inherent controlability of such engines would be useful for high precision maneuvers.
Proper circuitry would allow to individually control the voltage and operation of sets of
needles while allowing to control the engine more efficiently.
1.4 Previous work on colloid physics and microfabrication
The next is a brief discussion of the relevant work before this research. It is divided in two
parts: the work outside and inside MIT, in both theoretical and experimental fields, that is
directly related to the scope of this work. It might be helpful to better understand some of
the issues addressed here to read first the second chapter of this report because some of the
work pointed out here is related more closely with the physics of the colloid thrusters
instead of colloid thruster engineering.
1.4.1 External Research on colloid physics
The fact that the interface between a conducting liquid and the surrounding gas turns
unstable when it is subject to a strong enough electric field has been known since the
works of Zeleny [Zeleny, 194; Zeleny, 1915]. Work done by Lamb [Lamb, 1945] offers a
theoretical framework to predict the threshold electric field to produce an instability which
was used by Pfeifer to determine to threshold conditions for the meniscus case [Pfeifer,
1966]. It was determined also that when the liquid is confined in a capillary, if the voltage
applied is not too large, a single liquid tip can be obtained [Zeleny, 1915].
One of the key advances in understanding the physics behind this phenomenon was made
by Taylor [Taylor, 1964]: he proposed that the meniscus of a conducting liquid when
immersed into a high electric field gets the shape of a cone with an angle independent of
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the fluid properties and the particular electrostatics of the set up. This cone shape satisfies
the following conditions:
- The cone surface is equipotential.
- The normal electric field is balanced with the surface tension pull.
- No flow. The model refers to a stagnant liquid.
Even though Taylor's model is quite simple and meaningful as any good reduced-order
model should be, it has several limitations, among them:
e Taylor's model becomes singular at the cone tip where an extremely thin jet
is formed, carrying highly charged liquid. Therefore, fluid motion appears.
There is no viscous dependence of the current emitted by a Taylor cone;
some work has been done in analytical solutions for the viscous flow pattern
that is driven by the surface electrical pull. Inside the cone a recirculatory
pattern with a stagnation point on the axis of the cone appears. For the high
conductivity case the stagnation point is pushed outside of the cone, into the
jet, and recirculation does not exist [Khayms, 2000].
e Conical tips with smaller angles occur if there is a filling gas around the liq-
uid instead of vacuum. This is due to the influence of the cloud of charged
droplets, product of the spray that occurs when the jet disintegrates (jet insta-
bility). The droplets finally drift in a inertialess manner, distributing them-
selves inside an inverted "space charge cone" of semiangle P. The
relationship between the semiangle of the meniscus and the semiangle of the
charged cloud is proportional to I/(TKD) where I is the current carried by
the droplet stream, T is the surface tension of the liquid, and KD is the
mobility of the droplets in the gas that surrounds the liquid meniscus. This
effect occurs after the formation of the cone and does not influence the cur-
rent carried by the droplets.
e It is observed experimentally that the droplets are nearly monodisperse when
the flow rate is near the minimum for a Taylor cone operation; otherwise the
droplets are polydisperse.
e It has also been experimentally determined that the ratio between the maxi-
mum charge on each droplet and the minimum is about 4.
- At high electrical conductivities and small flow rates ions originate directly
on the transition neck between the cone and the jet-the place where the elec-
tric field is the strongest -. This implies the possibility of having a mixed
species flow (droplets and ions).
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* It is known experimentally that more than one jet can be produced if the
potential that is applied is beyond a certain threshold value. For glycerol it is
known that this value should be around 10kV.
- There is dependence of the divergence angle of the droplet stream if the
droplets are immersed in vacuum or in a filling gas: a vacuum condition
allows the solid broadening angle to decrease compared to the gas filling
case.
Yale University has played a mayor role in the experimental study of the colloidal process
since the last decade. At this prestigious institution researchers established that among the
different electrolytes that were tested formamide electrolytes with salts of small ions such
as NaI generate jets carrying the most current at a given voltage drop. [Fernandez De La
Mora, 1994]. Formamide also has excellent dissolution capabilities and moderately low
vapor pressure; therefore, formamide is one of the best options for a colloid propellant
from all the doped electrolyte possibilities. Using formamide as propellant has several
limitations such as:
e Even though the volatility (vapor pressure) is small enough to produce Tay-
lor cones in a stable way in vacuum, long periods of engine inactivity may
produce evaporative clogging.
* The maximum electrical conductivity for formamide is around 2 S/m, and a
higher electrical conductivity is needed to reach higher Isp's.
- Experimentally it has been established that if the electric field near the tip
cone is around 109V/m, ion emission starts and reduces the propulsion effi-
ciency because of the lack of uniformity in the velocity profile. However, Isp
increases.
1.4.2 External research on colloid thruster engineering
Cohen [Cohen, 1965] and other researchers experimented with glycerol, a substance that
generates droplets with rather low specific charge (charge per unit of mass). Usually with
glycerol, at high voltages, a regimen of ions-droplets is present due to the fact that this
substance does not behave as most of the other propellants do and it was usually exposed
to an electric potential about or beyond the threshold potential for having just one tip. The
conductivity of glycerol fall below 0.1 S/m and does not fulfill the profile of the ideal col-
loid propellant.
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One of the most critical issues that showed up in the experimentation with colloid propel-
lants is that the results were highly dependent on the temperature conditions of the experi-
ment: most colloids have physical properties that vary even orders of magnitude with
relatively small changes in temperature: the problem was solved by using fluids with
physical properties less dependent on temperature, such as formamide.
Perel and Mahoney circa 1969 tried to use acids based of both H+ and OH- ions in order
to increase the electrical conductivity of the electrolyte. This procedure has been rather
impractical because of the high reactivity of these ions thus becoming potentially an
engine integrity hazard. It has also been established that the addition of small amounts of
water (about 5%) to the formamide electrolyte increases their electrical conductivity with-
out undesirable side effects such as freezing, boiling and instabilities of the Taylor cone
[Fernandez de la Mora, 1994].
Some efforts have been made towards using volatile salts, such as ammonium acetate, to
eliminate the potential clogging problem; the properties of formamide with these salts has
been studied [Kummel, 1972]. These attempts have been unsuccessful due to the instabil-
ity of these substances in vacuum.
There are also some references about the actual experimental set up used in the research
work of the last decade, such as the work of M. Gamero [Gamero, 2000]: the needles used
in experimentation are made of silica. The needles receive an oxide film that makes them
conductive in the tip. Another good practice is to sharpen the tip of the needles to avoid
wetting and the formation of meniscus in an undesired way. This reference also points out
that the acceleration voltage is less than the voltage of the electrospray needle; the differ-
ence between these two potentials is related mainly to the electric potential drop due to the
conduction losses in the cone jet. this produces changes in the summation of kinetic and
potential energies of the fluid; these changes occur during the acceleration of the jet and its
breakup.
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Because of these reasons the real thrust is around 15% less than predicted by using a uni-
form hypothesis (It might also be the case of a non-uniform profile of velocities with pro-
pulsive efficiency less than unity). An average voltage loss of 200V is proposed based of
his experiences.
1.4.3 Research at MIT
One of the most promising applications for colloid thrusters is precision attitude and posi-
tion control for distributed satellite systems. As a result MIT has been conducting research
towards evaluating how colloidal propulsion compares to other potential propulsion
options.
There are three components of this study:
- Propulsion system models.
- A standard set of metrics to be used to judge the performance of the propul-
sion systems.
- A set of missions for which these propulsion system would be appropriate.
One of the goals for the propulsion system models in the colloid engine case is to develop
a high performance colloid engine by using microfabrication: the author of this document
will focus mainly on the previous work on microfabrication of a colloid engine because it
is strongly related with the research that is the basis of this work, instead of discussing the
other aspects of the whole MIT research effort in colloidal engines. There is a design study
for microfabricated colloid thrusters [Paine, 1999]. In this work it is explored the possibil-
ity of using microfabrication techniques to actually produce a colloid engine for two dif-
ferent applications:
" High performance engines: these thrusters are adequate for missions were
the Isp is about 1000s., efficiency is larger than 0.5 and thrust is of the order
of micronewtons. The operational voltage of one of these engines would be
around 10000 V.
. High precision engines: these colloid engines would work with a specific
impulse around 500s., thrusts in the range 1 to 20 micronewtons in steps of
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0.1 micronewtons and operational voltage of 1000V. This kind of engine was
the subject of further design.
Paine, after making a brief survey on microfabrication processes, realizes that the micro-
fabrication processes would allow to fabricate the kind of features that compose a colloid
engine in the range of sizes that a highly packed colloid engine would have. After making
another survey on the possible wafer materials and scaling them with an ideal profile, sili-
con is proposed as substrate material. A single electrode, used for droplet extraction, is
proposed. The extractor electrode would be made of a thin film of aluminum deposited by
using evaporation [Appendix A]. The electrical insulator layer is proposed to be a combi-
nation of 3 microns of silicon dioxide, 30 microns of polyimide and a thin layer of silicon
nitride of unspecified thickness. It is important to clarify that in microfabrication the pro-
cesses are connected to the materials that are used with: therefore, there is a strong depen-
dence between the materials that are proposed and the actual processes that can be done by
using these materials: this fact will be addressed when explaining why Paine's design
would not work.
It is also pointed out that the vacuum, more than a dielectric substance, is an ideal insula-
tor due to the large electrical fields that it can support before breakdown; therefore, vac-
uum gaps should be used wherever possible in the engine design.
In order to control the recirculation flow of droplets that did not make it through the
extractor system Paine proposes a sprayback shield made by using a isotropic etching
technique of the bulk silicon [Appendix A].
He finally enumerates the next development areas of the microfabrication procedure:
e To check the stress resistance of silicon oxide layers up to 15 microns.
. To verify the actual breakdown strength value for the different materials that
are used for electrical insulation. This ultimate electric field resistance is
dependent on the fabrication process that was used to deposit/grow the insu-
lation material.
e To develop an electrostatic model of the colloid cone and jet to determine the
electron trajectories and therefore be able to calculate the heat transfer.
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e Protection of the propellant from ultra violet radiation.
The engine design in the specific case of the high precision colloid engine also contem-
plates the following issues:
. The colloid engine is composed of an array of ducts with an inner diameter
equal to 5 microns and a length equal to 50 microns.
. The droplet shielding is done by using an isotropic etching to the substrate.
- The effective wafer thickness is reduced down to 100 microns and anisotro-
pic etching is used to form the pipes that connect the back of the wafer with
the ducts.
- A cantilevered aluminum electrode surrounds the tip.
- The duct tips have a certain microfabrication step that make them have lips:
the purpose of this feature is to avoid wetting of the needle tip and thus a
wrong cone formation.
A set of figures of the Paine engine concept is shown in Figures 3.1 and 3.2 while the set
of masks to fabricate the engine is shown in Figure 3.3.
Even though some useful work was done, Paine made some mistakes that make it impos-
sible to follow his suggestions for microfabricating a colloid engine:
. The balance between the hydraulic pressure loss and the droplet flowrate is
not well matched. A flow rate a hundred times larger than the actual value
was assigned for a single needle. When correcting his calculations a diame-
ter of less than 0.5 micrometers is obtained and both the fabrication compli-
cations and the clogging effect of the doping salts make it not viable.
- The ducts are designed to span the wafer thickness. The minimum feature
size of a MEM is constrained to the restrictions of the available microfabri-
cation processes: the best current option for fabricating the ducts is DRIE
[Appendix A]. With DRIE the minimum duct diameter that can be done
while using the wafer thickness is 15 microns thus obtaining a maximum
length-to-diameter ratio of 30; therefore, the hydraulic impedance of a given
duct would be small and the reservoir pressure needed to move the design
flow rate would be far smaller than the surface tension in the meniscus. The
engine needs high impedance and high pressure to operate steadily. The
operation point of the engine should be near the point were the surface ten-
sion pressure and the reservoir pressure match: the difference between the
surface tension pressure and the reservoir pressure is provided by the electric
pull to electrically control the engine. (this issue will be discussed in a later
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chapter). Therefore, there is no way to satisfy the fabrication constrains with
the proposed design and the actual operation point of the engine.
- The engine packaging was not addressed and should be figured out. Most
MEM's do not fail because of their performance, but because of the packag-
ing.
-804-m
Figure 1.2 Geometry of Paine's high precision thruster.
Figure 1.3 3-D representation of Paine's engine.
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Mask #3 (Polyimide): Circular shadows have
0=2+(2.5+1+96.5+30G+50)=900pm
masm wj kWSuae) nuwa u=VW
Mask #7 (DRIE): identical to #5, but holes have
Mask #4 (Electrode): Circular shadows have
0=900+2*300=1500pm
Mask #6 ( ing for HNA): Inner shadows have
0=890-2 790m, outer holes have 0=890pLm.
Figure 1.4 Proposed masks for the high precision thruster [Paine, 2000].
36
M.- , -M
Previous work on colloid physics and microfabrication
- The fabrication procedure is not realistic. Among the several weaknesses the
following ones are the most dominant:
1. It uses negative photoresist that has a resolution far smaller than the positive
resist.
2. The design does not contemplate aligning structures to maximize the match-
ing precision in the fabrication and possibly wafer bonding process.
3. It is not pointed out that the topography of the wafer is complex in advanced
steps of the process. This will force a tune up of the photolithography after
the features reach a depth larger than 10 microns.
4. To reduce the effective wafer thickness down to 100 microns makes it hard
to handle them in any microfabrication process and the physical integrity of
the engine, based on structural reasons, might be threatened.
5. The microfabrication process can be simplified in order to make it more
robust. Fewer masks with less aligning (some can be self aligned) substan-
tially decrease the uncertainty magnitude of the dimensions, matching
between features and increases the MEM yield.
With this brief explanation of the previous work it is clear that a substantial improvement
in the engine concept should be made to achieve the goal to produce a MEM colloid
engine. The author of this work will explain his approach in the chapters to come.
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Chapter 2
A BRIEF INTRODUCTION TO THE
PHYSICS OF COLLOID THRUSTERS
2.1 Introduction
Colloid thrusters use sprays of droplets to change the linear momentum of the spacecraft.
These droplets are created by applying intense electrical fields to the free surface of a liq-
uid. As in all forms of electrical engines, the positively charged particles leave the space-
craft while an equal current of electrons is supplied downstream to neutralize the
positively charged flow: this task is important because this way the neutrality of the space-
craft is preserved and unwanted effects between the spacecraft and the environmental
plasma are avoided.
As stated before in Chapter 1, the colloid concept is well suited for scaling down because
of two facts:
e Colloid engines do not rely on gas ionization.
e The miniaturization of a colloid engine has the added benefit of reducing the
amount of propellant that is lost in evaporation from the free liquid surface.
One of the most important parameters for modeling colloid engines is the charge per unit
of droplet mass, or specific charge. This parameter, as it will be seen in this chapter, is
directly related with the exhaust velocity of the droplet stream.
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This chapter addresses different issues inherent to colloid engines, such as the way drop-
lets are extracted from the liquid free surface, engine performance, space interactions,
evaporation and clogging.
2.2 The Taylor Cone
2.2.1 Introduction
Colloidal thrusters take advantage of an electrostatic phenomenon called a Taylor cone.
When the interface between a conductive liquid and a gas gets deformed if it is charged by
applying a large enough external electric field. The interface, far enough from the jet that
is produced, takes the form of a cone, called Taylor Cone in honor of the first person that
gave a theoretical explanation of the phenomenon [Taylor, 1964]; the apex of this cone
emits a microscopic jet of liquid. Relatively little is known theoretically about the microjet
or the magnitude of the current it carries. The radius of the jet varies from atomic dimen-
sions up to hundred of microns (a typical jet diameter for liquids with electrical conductiv-
ities about 10- 7S/m). The jet produced by a Taylor cone is less stable than an uncharged
jet, and it eventually breaks into a spray of charged droplets; this spray is composed
mainly of single-size droplets with charge densities near the maximum allowed value
[Fernandez de la Mora, 1994].
2.2.2 Basic Physics of Surface Charge
When a conducting material has an excess of charge, this net charge is placed on the exter-
nal surface of the conductor. The electrical field inside the conductor in electrostatic equi-
librium is thus equal to zero and the external surface of the conductor is an equipotential
contour in 3-D.
If Gauss' law is applied to a differential control volume that contains both portions outside
and inside the conductor with a surface charge density a, as shown in Figure 2.1, it can be
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shown that the surface charge density is equal to the normal electric field En times the
electric permittivity of vacuum, E,:
En
Gas
E=0
Conductive
liquid
Figure 2.1 The electric field in a conductor in electrostatic
equilibrium [Martinez-Sanchez, 2001].
I.$.d A = Qin
aVolume 6o
Qin = a -dA
G = EoEn
(2.1)
(2.2)
where Qin is the net charge inside the volume differential. Since we are dealing with a
conductor, this charge is all free charge: that is, both ions and electrons which are free to
move in the fluid).
On the other hand, in the presence of an external electric field, a dielectric substance (a
substance that is not conductive and that is polarized if immersed inside a external electric
field) will orientate its constitutive molecules with respect of the external electric field in a
way that tries to diminish it. The net result is a decrease of the electric field inside the
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material and the presence of external charge on the surface of the dielectric. Therefore, the
internal electric field should be smaller than the external electrical field. A schematic of
the situation can be seen as follows:
A En, g
Figure 2.2 The electric field in a
dielectric immersed in an
external electric field.
For a differential control volume like the one shown in Figure 2.2, that has inside the net
charges of the external surface (the dipole charge plus the free charge), the Gauss law
determines a relationship between the external and the internal electric field expressed by
the equation (2.3):
$P 
- 
dg -> eo(En, - E,,, ) = atotai = Ydipoles (2.3)
aVolume, E
where E,,g is the normal electric field outside the dielectric and E, is the net normal
electric field inside the dielectric substance.
The free charge obeys V - (EE) = Pfree If the free charge is actually, zero, then the con-
trol-volume integration gives
E 0 - dA = 0 => Eng = E En,1  (2.4)
aVolume2
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where e is the relative electrical permittivity of the dielectric material (it tends to infinity
if the material behaves like an ideal conductor). By plugging in equation (2.4) into equa-
tion (2.3) it is obtained that the charge density in the dielectric as a function of the external
electric field is given by
Udipoles E ,, (2.5)
More generally for a dielectric with free charge
SoE,, - EoEn= afree (2.6)
The situation described by the last equation requires that the free charge must be supplied
by charge transport, and E,, must be consistent with this transport. If the charge is only
conducted, one must have from Ohm's law
dafree = KE,, (2.7)
where K is the electrical conductivity. This differential equation can be solved if proper
boundary conditions are assumed; if in the beginning the free charge in the surface is zero,
the free charge density per unit of area as a function of time is
Gfree = eoE,,g[1 - e-(Kt)/(EE) (2.8)
For times far larger than the relaxation time eE 0 /K the charge on the surface of a dielec-
tric is the same compared to the charge that would be on the surface of a conductor.
2.2.3 Surface Instabilities
It is possible to set up an instability mechanism where the more a charged surface is
deformed, the more the electric field grows and concentrates charge, the more the surface
deforms and so on. In the static case the only counteracting effect is the surface tension; if
the surface tension is not able to equilibrate the deformation-avalanche due to the electric
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field, the situation will become unstable; in other words the surface will get a full defor-
mation shape.
The electric field is minus the gradient of the electrical potential. In the external portion of
the domain (the part that is outside the liquid and therefore does not have charge) obeys
Laplace's equation V2C = 0.
By using complex variables, perturbation theory, and categorizing the perturbations with a
harmonic, it is possible to describe the potential outside the liquid as a certain function that
accomplishes these requirements:
- Far form the perturbed surface the perturbation electrical field should vanish.
- The gradient of the non-perturbed part should be constant.
- The gradient of the perturbed potential should behave as a harmonic.
The solution to the potential with all these conditions is
<D = -E.y + $1e-ay cos(ax) (2.9)
where E. is the non-perturbed electric field in the y-direction and a is a constant to be
determined by using the spatial constrains. The perturbed surface for this model is an equi-
potential contour in 2-D and therefore, it has a given constant potential value. Locally, for
y small there is no exponential dependence; the 2-D contour can be parametrized as a
function of x:
y = C, - 1cos(ax) (2.10)
For a trajectory that lies inside a plane the following expression relates the radius of curva-
ture with the first and second derivatives of y (Appendix C) is
1 = 1 (2.11)
Re (1+f 2 )3 / 2
For small slopes the denominator of the last equation is about 1 and the inverse of the
radius of curvature can be approximated as the second derivative of the function variable
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with respect to the independent variable. Therefore, the one nonzero radius of curvature of
the deformed surface has a minimum value that can be expressed as
1 ER. - -MIA = (2.12)
IN xx MAX $ 1a2
The surface tension pull produces a discontinuity in the pressure equal to
2
AP(T) = T + - - (2.13)
R 1, RC2  RC E.
Near the deformed surface the electric field that is normal to the surface is given by
E = = E. + c$1 eysin(ax) ~ E. + c$ 1  (2.14)
The perturbed part of the electric pressure to first order is equal to the following expres-
sion:
e0 E2]' = s0 E 0 a$1  (2.15)
The instability occurs if, as stated before, the electric pressure effect is higher than the sur-
face tension recovery action; in other words,
S0EOO$I> -> E.= a (2.16)
27cThe remaining unknown in equation (2.16) is a, the wave number y, where X is the
wavelength of the perturbation. The threshold condition for the unsteadiness is when the
meniscus has a wavelength equal to two times the characteristic length D (in the case of
the meniscus it would be the diameter); therefore, the minimum external field to produce
instability is given by equation (2.18):
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(2.17)
The electrical potential in a capillary can be thought as acting approximately through a
distance around one diameter. This last model is useful to estimate the minimum voltage
that is needed to start the Taylor cone effect and it is accurate to around 30%. It is impor-
tant to point out again that the Taylor cone is ideally independent on the electrostatic set
up that is externally applied; therefore, once the threshold voltage is reached, if the poten-
tial applied is not too large, the Taylor cone will be produced in a stable way with a single
jet.
There is a second model to determine the threshold conditions for the Taylor cone effect
that accounts more rigorously for the 3-D effects on the problem. Figure (2.3) is useful to
better understand the following analysis:
P
r 2
IdI
r1 a/2
Figure 2.3 An improved model to determine the threshold voltage to
originate a Taylor cone [Martinez-Sanchez, 2001].
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It is possible to define a orthogonal coordinate system useful to describe the meniscus, for-
mally called Prolate Spheroidal Coordinate System [Martinez-Sanchez, 2001], as follows:
ri - r2
S= a (2.18)
ri 
- r2
a
where a is twice the distance between the electrode and the tip of the cone and ri and r2
are defined by the following expressions:
ri = x2+y2+(Z +
(2.19)
r2 = x2+y2+ (a
If this parameterization is used, the following facts are obtained:
e Contours with constant rj are confocal hyperboloids.
e Contours with constant ( are confocal ellipsoids.
e The contour defined with il equal to 0 is the symmetry plane.
- The contour that wraps the meniscus is defined by r1= m .
The assumption of having constant potential along the meniscus surface will also be
made; the potential in this surface is defined as the ground, and the potential of the sym-
metry plane is defined as been V higher than the meniscus potential.
By using the chain rule it can be shown that the Laplacian is described in this coordinate
system as
A = V0V = [(1 -al2) (2.20)
The solution to this differential equation, given the boundary conditions, is given by [Mar-
tinez-Sanchez, 2001]:
48 A BRIEF INTRODUCTION TO THE PHYSICS OF COLLOID THRUSTERS
<D = V. atanh(rj) (2.21)
atanh (il,)
It is useful to define a sub-coordinate system to describe the topology of the vicinity of the
tip. For this purpose a cylindrical coordinate system is used:
R2 x 2 +y 2  (2.22)
z= z
The explicit equation for TI becomes
= R 2 + z+ 2 + R2 + Z- -2 (2.23)
By squaring both sides last expression can be solved for z, if z>O, the next equation holds:
a2 R 2
z = R - + 2  (2.24)
4 1 - 2
The radius of curvature of the trajectory defined by z as a function of TI is equal to equa-
tion (2.25) (in this particular equation it has not been assumed that the square of the first
derivative is far smaller than one):
R = a 1+4 R2/a2 3/2 (2.25)c 21l L (1 -T )2]
The distance d from the electrode to the tip is the value of z when the radius in cylindrical
coordinates is zero and I is equal to TI, which is equal to
d = aTIo (2.26)
The electric field right in the tip of the cone is defined as minus the partial derivative of
the potential field with respect to z; in other words,
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ETP = V (2.27)
Ia(1P 2) atanh( (2.7)
If the radius of curvature is far smaller than the distance between the electrode and the
meniscus, the electric field in the tip can be approximated as being equal to
ETIP ~ 2V (2.28)
RcIn 4(Rc)
The electric pressure has to be at least as large as the pressure that can resist the surface
tension:
E2
"ETIP T0 TP =2 - (2.29)2 RC
The threshold voltage is found by combining equations (2.29) and (2.30) into
VTHRESHOLD = c In (4 (2.30)
4F0 \ c
In the case of the microfabricated colloid thrusters that are proposed in this work, the dis-
tance between the tip of the needle and the electrode is of the order of 20 microns; there-
fore, it is not a good approximation to assume that the radius of curvature is far smaller
that the separation distance. In this case it is possible to use the result of the Taylor cone,
which is that far from the tip the shape of the meniscus is a cone with a fixed semiangle of
49.30 (a hyperboloid far from the tip is a cone); therefore, if the meniscus is described by
a hyperboloid contour of the form
a2  R 2Z = 110 4+ - 2 (2.31)
1 -z10
in the limit when R tends to infinity the equation (2.31) should reduce to
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Z = 10 R (2.32)
The slope of this limit function should be the tangent of the complementary angle of the
Taylor Cone, in other words
= tan(40.7*) = 0.8601 (2.33)
Solving the last equation gives a value for ijo equal to 0.652; the radius of curvature can
be expressed in terms of this parameter and evaluated when R is equal to zero. The bal-
ance between electric and surface tension pressures is equal to
R = a112
(2.34)
1 =2 y2r 2fl,
2- 2 2 2
a 2(1 _ 1) atanh (io) (1 11) a
By replacing a by its equivalent in terms of the separation distance d the threshold voltage
is found equal to
Td(1 2
VTHRESHOLD = 2atanh(lo) (2.35)
VTHRESHOLD = 396980,/fd
This equation makes sense because it shows an induced electric field dependence on the
electrode separation with respect to the needle tip, as opposed to the threshold voltage
obtained in the 2-D modeling: the first model that was used to describe the meniscus insta-
bility does not address the electrode location. On the other hand it shows a radius with the
wrong exponent, as it will be seen on the Taylor cone modeling.
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2.2.4 A Detailed Explanation of the Taylor Cone
The Taylor Cone is the surface that the interface between a gas and a conducting liquid
forms as a result of the equilibrium between surface tension and electric stresses (a zero
delta of pressure between inside and outside the cone is assumed). It turns out that the
cone shape is independent of the liquid that is used and has a fixed value of
(Taylor = 49.29". Experimental evidence suggests that this is a rather ideal situation and
that in reality it is possible to obtain different angles for the cone if the conducting liquid
has a low electrical conductivity [Fernandez De La Mora, 1994]. Furthermore, the experi-
mental evidence assures that it is possible to obtain other meniscus shapes if the jet breaks
close enough to the cone and the electric field of the cloud of droplets acts on the cone.
The actual angle is related to the physical properties of the electrolyte that is used and it is
discussed in other works [Gamero,2000; Fernandez De La Mora 1994].
As stated before the main idea behind the Taylor cone is that the electrical surface traction
should be compensated with the surface tension pull
E2
" = T + (2.36)
2 IRCI Re2
For a cone, one of the radii tends to infinity, and the other has as projection the local radius
of the circumference that is the contour in 2-D of the cone if the axial variable is fixed;
therefore, if a spherical coordinate system starting at the cone tip is used to describe the
cone, the electric field normal to the surface of a cone of semiangle a is equal to
E= 2Tcot(ax) (2.37)
n e r
Figure 2.4 might be helpful to clarify the latter exposition:
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Figure 2.4 Normal electric field in a cone
surface [Martinez-Sanchez, 2001].
The solution of the Laplacian, taking into account that the cone surface is equipotential,
accepts axi-symmetric solutions of the type
Dv = A vPv(cos ($))rv + Bv Qv(cos ($))r (2.38)
where P, is the first order Legrendre function and Qv is the second order Legendre func-
tion. Unlike the second order Legendre function the first order Legrendre function has its
singularity outside the cone and therefore, it should be dropped from the solution; the elec-
tric field that is perpendicular to the surface is actually the * -component of the electric
field; in other words
1 dQVEn = E =-- B v sin ($)rv -1(2.39)S*ra5 vd cos ($)
From the stress balance shown in equation (2.36) we know the relation between the radius
and the electric field; therefore, the only term in the function decomposition that survives
is the function with v equal to 0.5. The electric potential is described then by
<D Br" 2QI(cos($)) (2.40)
This function has a zero value at = cTAYLOR equal to 49.29*, which defines topologi-
cally the meniscus surface.
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The last solution is a good model unless either the analysis is carried near the jet, or there
are strong space charge effects present, or the electrode geometry is far from symmetric.
The next figure shows a computationally generated Taylor cone with a micro-jet
appended:
Figure 2.5 Computationally generated Taylor cone shape.
2.3 Non-Dimensional Analysis
The core of the modeling in colloidal thrusters lies on the dimensional analysis done from
the intense experimentation carried out during the last few years; a classical source for this
can be found in some of the work of Professor Fernandez De La Mora [Fernandez De La
Mora, 1994]. Based on rigorous experimentation and modeling, Fernandez de La Mora
ended up in a couple of rather simple equations that fit the data experimentally available.
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The key property to determine experimentally is the current or in other words, the charge
that is streaming from the cone tip per unit of time. The current, a priory, should depend
on the following parameters:
* The flow rate Q.
- The liquid properties such as viscosity g, electrical conductivity K, liquid
density p, relative electrical permittivity of the liquid E and surface tension
T .
* Distance between the extractor electrode and the needle tip.
* The voltage applied.
- Needle diameter.
- Properties of the background gas that surrounds the electrolyte.
For the case of liquids with electrical conductivities above 10-4S/m, if the cone is formed
in a stable way (one tip) and Q is constant, the current is independent of either the voltage
applied (within limits), the geometry of the electrodes (including separation distance) or
the needle diameter It was also possible to conclude that for a given liquid, the current is
a function exclusively of the flow rate, showing practically no dependence on the applied
voltage (within a range), needle diameter electrode separation, meniscus shape and spray
structure. As a matter of fact a Taylor Cone can be seen as a constant current source; there-
fore, the relevant parameters of the cone in terms of engineering (power consumption) are
not dependent to first order on either the particular engine configuration or on some issues
that have not yet been figured out (such as the meniscus shape).
2.3.1 Theoretical Notions
Before introducing the results of the dimensional analysis it is important to point out sev-
eral facts about the behavior of the Taylor cone and its jet:
6. An electrified meniscus may have a well defined conical shape only if the
voltage is not high enough to produce more than one cone and
OJET/NEEDLE << 1 (0 is used to refer a diameter).
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7. For moderately conductive liquids the shape of the interface surface is a con-
cave convex surface with an inflexion point in its generatrix as shown in Fig-
ure 2.5.
8. Finally, the current carried by the jet is proportional to the square root of the
flow rate, as evidenced in Figure 2.6 [Fernandez De LA Mora, 1994]:
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Figure 2.6 Current carried by a jet started in the tip of a Taylor Cone ver-
sus flow rate for different electrolytes [Fernandez de La Mora,
1994].
There is a dimensionless parameter, 1 , which is useful to characterize the jet diameter and
the importance of inertial effects on the jet. This parameter is defined by
(2.41)1= pQKTEEF
where E- is the electrical permittivity of vacuum. It is also possible to define a character-
istic length r and a characteristic time, the electrical relaxation time t,:
r= [ (2.42)
1000
I (nA) 100
100.01
"" ..
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EE
t = -0 (2.43)
eK
Another characteristic length can be defined without using the electrical parameters, and it
is called R*; this parameter is defined by
R'= 3 FR(2.44)
R is connected with r by the previously defined dimensionless parameter q as shown
next
R= 2/3 (2.45)
r
The balance between capillary and electrostatic forces fails if the dynamic pressure p U2
is comparable with T/r. When r gets smaller than R* the cone surface no longer exists
and a jet is developed; there are two extreme cases:
- If 71 <1 the inertia terms are not relevant and OJET r
e If Ti >1the jet diameter scales with R instead of r . This regimen is not rel-
evant for the colloid engines.
As a summary, the phenomenon can be described in terms of Q,
T, E, g, p, K, I,O JET; by using the Pi theorem equations (2.46) and (2.47) are
obtained:
= ((e,i, Re) (2.46)
T e0/p
=JE O(ErRe) (2.47)
R
where the characteristic Reynolds number is defined by
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Re = 1/3 (2.48)
(g p)te
the parameter il can also be interpreted as a characteristic current [YQK/E]1/2 made
non-dimensional with the parameter T(s 0/p) 1 / 2 . For small Re* values and moderate rj
values the inertia becomes irrelevant; therefore, the mass density would drop out the pic-
ture and one could express the dimensionless current as
-+f(E, Z) (2.49)
KQ
With the same assumptions equation (2.47) is turned into
0 JET =F(e, Z) (2.50)
r
where Z measures the radial variations in the axial velocity profile of the jet due to the
electrical stresses which tend to make the velocity in the liquid larger at the surface than in
the jet core, while the liquid viscosity tends to do the opposite. Z is defined as
Tt2/3
Z = / (2.51)
gQ1/
The dimensional analysis was contrasted with the experimentation. The actual results
from the experimentation revealed the following facts [Fernandez de La Mora, 1994]:
1. The minimum flow rate and current are quite time consuming to determine
for large electrical conductivities. Nonetheless the minimum flow rate is
important to determine because a Taylor Cone can work stably only within a
few times the minimum flow rate.
2. The maximum flow rate and current that a Taylor cone can produce are eas-
ier to determine, but they are useless to figure out the minimum flow rate
and current.
3. The current, as stated before, is proportional to the square root of the flow
rate.
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4. Re* and Z are irrelevant theoretically in the low-Reynolds regimen and out-
side this regimen in practice. In other words, if Z is small enough, the current
is independent of the electrostatic variables.
5. 11MIN ~ 1 '
These results are summarized in two quite simple relationships:
I = f e) (2.52)
KQ
rK
O J E T (2 .5 3 )
Both equations (2.52) and (2.53) are used in practice to design a colloid emitter. With the
applied voltage, calculation of the thrust and the Isp is achievable.
The remaining issue to clarify is f(E), the function derived from the dimensional analysis
that allows to calculate the current carried by the jet. The function f(E) was experimen-
tally determined and it is shown in Figure 2.7.
The function f(E) can be ideally parametrized as
0.45, e < 40f(E) = (2.54)18, s> 40
Another useful relationship to keep in mind when designing a colloid engine is the Ray-
leigh-Taylor stability criterion which states that droplets product of the destruction of a jet
have a diameter that is 1.89 times the diameter of the original jet.
A Final Word on f9MIN
The electrolyte is composed of a solvent and ions of both signs dissociated while keeping
a certain amount of doping salt not dissociated; in general a droplet would have a net pos-
itive charge equal to de difference between the number of positive ions and the number of
negative ions (if both positive and negative ions have the same charge). It is reasonable to
58
Non-Dimensional Analysis 59
20* i I
18
16
14
12
10
8
6
0 20 40 60 80 100 120
Figure 2.7 Non-dimensional function f(e) versus the relative electric
permittivity E . f(E) is useful to determine in practice the
current carried by a jet produced in a Taylor Cone [Fernan-
dez de La Mora, 1994].
expect that the limit case is when all the negative ions are rejected from the droplet and all
the possible positive ions are taken. The normality CD is defined as the number of moles
of dissolved species that is dissociated per liter; The maximum charge per unit of volume
that would be present is
qMAX = 1OOOCDF (2.55)
where the 1000 is a scaling factor for the MKS unit system and F is Faraday constant
equal to 96500 Coulomb/mole. Therefore, the maximum specific charge for a droplet is
defined as the maximum charge per unit of volume divided by the mass density. This case
correspond to TIMIN. By substituting the proper expressions, TIMIN is
fMIN = K 1 F) (2.56)
MIN U tn 1000Fd
Unfortunately there is no enough experimental information to verify the last modeling.
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2.3.2 Current Transported by the Jet
Far upstream from the meniscus tip the current is almost all carried by ionic conduction.
The finite conductivity of the liquid implies that there has to be some electric field
directed radially to make this charge flow move; despite this fact, the radial component of
the electric field is far smaller than the normal component, which is the component that
interacts with the surface tension.
The conduction current I is equal to the cross-sectional area times the current flux; at a
radial distance r from the tip the cross-sectional area A and the radial electric field Er
(assuming ohmic behavior) for a conduction current IC are
A = 27cr 2(1 - cos(a))
E IC I (2.57)
' AK 2nK(1 - cos(a))r2
When the radial electric field inside the liquid becomes comparable to the internal normal
electric field, the radial distance from the cone tip r* is equal to
E i1/3(E22 1/3
r*= - ) (2.58)
Lk2cot(a)(1 - cos(aX))2J1 K2,
The convection current I, is the one that is carried by the cone surface because the liquid
is moving; in other words the convective current I, is equal to
is = 2nrsin(a)au (2.59)
where a is the charge density on the surface and u is the axial velocity of the liquid at a
given radius from the tip.
The flow field in the meniscus can be seen as a superposition of a spherical irrotational
sink and a recirculation field due to the viscous properties of the liquid [Khayms, 2000];
the flow near the tip is just the spherical irrotational sink with a velocity field described by
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UcQ ) 2  (2.60)
27r(1 - cos(a))r
By using Gauss law in the beginning of the chapter we found the relation between the nor-
mal electric field and the free charge density; if this fact is plugged in with the last equa-
tions, the convection current is determined by
I EQsin(ca) 2Tcot(x) 1
s (1 - cos(a)) E r3 / 2
2.4 The Jet Velocity Profile
Until now the velocity u of the jet stream has been assumed to have a uniform profile for a
given distance from the tip of the cone; given the viscous effects the axi-symmetric veloc-
ity profile in the low-Reynolds region should be equal to a certain second order polyno-
mial where the radius from the axis is the variable (in the low -Reynolds region the flow in
steady state is intertialess).
A dimensionless velocity X is introduced as
X(z) = R z)u(z, ) (2.62)Q
where F is the distance from the axis to the interface surface, R is the distance from the
axis and u is the local liquid velocity with respect to the reference frame; it is also defined
y as the dimensionless distance from the axial axis by
y = (2.63)R(z)
The dimensionless velocity ? also should behave as a second order polynomial:
X = a(z) + y2b(z) + yc(z) (2.64)
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Due to symmetry the profile should have an extreme point at y equal to 0; therefore c(z)
drops from equation (2.64).
At y equal to 1, where the interface between the conducting liquid and the gas is placed,
the electrical stress and the viscous stress should have about the same magnitude. The total
flow rate is Q; therefore, the dimensionless velocity ends up being equal to
A = 1n+R 2g-- (2.65)
where t is the electrical stress that can be expressed in terms of the surface charge density
a and the tangential component of the electric field ET
T = (Er (2.66)
The parameter characterizes the departure of the velocity profile from flatness. If this
gQ CEaET
parameter is far less than one, that is if K>> , the jet velocity profile is flat (this is
our case of interest where the empirical formulas apply).
2.5 Droplet Size and Charge
The jet after being formed from the tip of cone breaks up into droplets usually following a
monodispersion. If Rd is the radius of the charged droplet and q is the droplet charge,
Gauss law states that the electric field just outside the droplet is equal to
En = q 2 (2.67)
The maximum electrical stress, just before the drop would explode, should be equal to the
surface tension pull, and therefore, the specific mass that each droplet has is equal to
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6 COT (2.68)
This specific charge is known as the Rayleigh limit and it is the maximum that a droplet
can have.
The charge can be also distributed in a way to minimize the energy. In this case the num-
ber of droplets N that are produced per unit of time is
N = 4(2.69)
3 nRd
where Q is the flow rate; the charge that is on each droplet is equal to
4 3
(2.70)Q
where qTOT is the charge per unit of time that is originated in the cone (I). The total
energy associated with each droplet is the electric energy plus the surface tension energy.
For all the droplets emitted per unit of time, then,
2
E = qV+4nR2T1 N ToR 2+3 pQ (2.71)L2 6Qe 0  d R
where V is the potential at the droplet surface. By minimizing this expression an optimum
radius is obtained whose specific charge is described by
-V1(3>2(2.72)
MIN rd R = 2  Rayleigh
This specific charge usually shows up most of the time in experimentation [Martinez-
Sanchez, 2001]; despite this, there are some experimental information that suggests that
the actual specific charge that occurs is the Rayleigh limit [Fernandez de La Mora, 1997].
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The specific impulse that can be achieved by using a biased potential V is given by the fol-
lowing expression
Isp = 2 (2.73)
2.6 Propulsive Efficiency
As in any propulsive system it is possible to have in a colloid engine a mixture of different
species in the exhaust stream. Most of the source of this dissimilarity is not related with
the droplet size distribution-which seems to be monodisperse -, but with the possibility
that ions are directly extracted from the droplet because of the high electric fields. In fact it
is known experimentally that normal fields above Ec= 1 V/nm can extract individual
ions from the liquid, in a process called field emission. It is possible to quantify the effect
of this non-uniformity of the stream by a parameter called the propulsion efficiency. An
exhaust stream containing a velocity profile different from uniform is less than optimum,
because the energy spent to accelerate the faster stream constituents is larger than the extra
thrust derived from them. If the following variables are defined:
* N1 ,the number of particles of the species j that are emitted per unit of time.
e c = (2q 1 V)/m, the velocity of each species j. A species j particle has a
mass mj and a net charge qj.
- The total mass flow is then expressed by
rh = N m (2.74)
" Therefore, the thrust is equal to
XN~mjc = N 2Vm~q (2.75)
In a stream that is composed of mono-sized droplets and ions, the respec-
tiveID and I, currents are
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ID= Nagq (2.76)
II= N q (2.77)
For a case with only ions and monodisperse drop population we can define a
dimensionless parameter P for the ratio between the ion current and the total
current, as shown by equation (2.78), and also a dimensionless number 8
equal to the ratio between the specific charges of the droplets and the ions, as
sown in equation (2.79):
(2.78)
I, + ID
= /(2.79)
then it is possible to express the propulsive efficiency l1 , in terms of these
dimensionless parameters as
F2  [I _ (1 32 (2.80)
2hIV I-(1-5)
It is clear from the last equation that the propulsive efficiency is less that one unless $ is
either 0 or 1. In fact there are two high efficiency regimens:
e Pure or near pure ions, which implies a P near 1 and a 8 <<1. In this case
1 - ~ =.
- Mainly droplets.
If it is not possible to keep the engine in either of these two ranges, 6 should be as small as
possible. Thus, droplets should be as small as possible to increase the specific charge,
while ions should be as heavy as possible.
We have previously shown that there is a spatial dependence of the normal electric field
with respect of the radius from the cone apex. The maximum normal field is achieved
more less at a distance from the apex where the jet is generated. This distance is
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r ~ R jer 2.68r* (2.81)
cos(aX) -f2(E
Therefore, the maximum normal electric field is
EMAX = 1.87 - 107fl/3(Eyr1/2( (2.82)
Equation (2.41) relates '9 with Q; when Tj = rIMIN the flow rate is QMIN; solving for
QMIN the maximum normal electric field possible for a given substance, (EMAX) MAX' is
then
1.30 -109 1/6 f()K 1/3(EMAX) MA = p E (2.83)TMIN LS
The flow rate should be smaller than a critical flow value in order to have droplet-ion
mixed regime; this critical flow rate is determined by the equation
Qc = f 73K[1.87E- 107] 6 (.4Q - yK C - (2.84)
It is also true that the critical flow rate has to be larger than the minimum flow rate to
develop a stable Taylor cone (this can only be achieved if the fluid has a high enough con-
ductivity) [Martinez-Sanchez, 2001].
2.7 Space Charge Effects
The jet of droplets emitted from the Taylor cone is subject to space charge effects because
the droplets have a net charge distributed on their surface. This fact implies that there is an
electrostatic interaction between the droplets. The effects turn out to be important to first
order if the perveance P is greater that 10-8Amps /Volts 312 [Pierce, 1949]. The Per-
veance is defined as
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P = 1 (2.85)
V3/2
where I is the current carried by the jet and V is the accelerating potential.
Among the possible electrostatic effects that take place it is important to highlight the fol-
lowing ones:
e The presence of charge alters the potential in the space near the droplets: the
Poisson equation predicts that there would be a depression of the electric
potential in the space occupied by the beam. Poisson's equation is
V2C = (2.86)
s
where p is the charge density evaluated in the vector position X and CD is
the electric potential.
e Energy is spread due to the scattering between particles in the jet (Boersch
effect).
e Ion emission takes place where there are high enough electric fields present
on the surface of the electrolyte. This phenomenon is affected by the ion
evaporation mechanism. The latter mechanism requires high electrostatic
fields close to the emitting surface.
- Beam spreading, which is probably the most important effect of all in terms
of engine design: the engine exit should be devised to avoid direct interfer-
ence with the exiting droplets to keep the engine away from a potentially
hazardous situation. If droplets collide with the engine exit they might form
a back flow inside the extractor/accelerator system and a short circuit can
occur; another consequence of this undesired droplet divergence is erosion,
as studied in previous years [Tajmar, 1999]. It is clear that the jet, because of
its high charge density and low inertia, will try to spread up to a configura-
tion where the electrostatic interaction is negligible (after the spreading
effect the droplets finally drift with constant radial velocity).
In colloid engine experimentation it is also important to obtain small diver-
gence beams: the specific charge of the droplets is measured by carrying an
experiment that is sensitive to the assumption of the distance traveled by the
droplets. This experiment is called Time Of Flight mass spectroscopy
(TOF). In TOF the droplets of mass m and charge q are accelerated with a
fixed potential V; by applying energy conservation it is possible to show that
given that the droplets spend t time traveling a distance L, the expected drop-
let specific charge should be equal to
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g = L2 (2.87)
m 2t 2 V
From first principles it is also possible to determine that the envelope of the
beam-the surface that bounds the droplet stream-can be described as a sur-
face parametrized in cylindrical coordinates by
z(r) f eXd (2.88)
0
where ro is the initial jet radius and B is a constant equal to
B= -m V-3/2 (2.89)
4icE0 2q
2.8 Emitter Evaporation and Clogging
Even though the current and flow rate that a Taylor cone develops is independent on the
needle diameter, the liquids with high or moderate volatility require a rather small needle
diameter in order to minimize the amount of evaporation losses from the liquid surface
exposed to the vacuum. This evaporation process leaves doping salt to the remaining liq-
uid in the meniscus. The electrolytes used in colloid propulsion tend to contain doping lev-
els near saturation. Therefore, this doping material that did not leave the liquid cannot be
reabsorbed by the remaining liquid: clogging deposits of the doping species are formed
near the tip of the needle.
For a conical surface area with upper circle of diameter D and semiangle a, its area exten-
sion is equal to
Area = nD2 (2.90)4 sin (a)
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mV, the evaporated mass rate from this surface, can be modeled as a Maxwellian gas and
therefore should be equal to
- nD2 P
= 4sin(a)[2tmVKbT]1/2Mv (2.91)
where mv is the mass of a vapor molecule Kb is Boltzmann's constant, T is the absolute
temperature of the liquid and P, is the vapor pressure of the liquid (a thermodynamic
property that is temperature-dependent). The actual flow rate of the Taylor cone can be
parameterized as a certain n-multiple of the minimum flow rate; therefore, for thermody-
namical and operational states fully specified it is possible to determine the fraction of
mass that is lost, denoted by fy, by
f, = D2KPV 2 (2.92)2 nyEE sin(c)i MIN v
where C, is the mean thermal velocity of the maxwellian distribution equal to
C, 8KbT (2.93)
nm,
2.9 Plume-Spacecraft Interactions
Once the droplets leave the engine system they can interact with the spacecraft body, spe-
cially if the spacecraft does not neutralize in a proper way the exiting jet. Contamination
issues are of the highest importance. The following potential sources of contamination are
among the most important ones:
If the jet is composed of both ions and droplets, this polydisperse beam can
produce ion sputtering if ions are somehow scattered by the charged drop-
lets. The sheath around the droplets is far larger that the characteristic length
of the droplet; therefore, the droplets will act in the Orbital Motion Limit
(OML) when gathering charge. Under that assumption droplets will absorb a
substantial quantity of ions. On the other hand under most conditions, based
on Coulomb scattering, ions do not suffer scattering that can end up in back
flows that potentially can hit a spacecraft surface.
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e If the jet is not neutralized, it may fall under the spacecraft potential and
recirculate towards the spacecraft surfaces. It is possible to either mill the
surface or deposit material on it.
- If the engine is not bipolar, the neutralization is an issue to take care of in
order to avoid spacecraft interactions. Droplets would attract electrons in
OML up to the point the droplets reach zero net charge, if the charge some-
how is evenly distributed between the droplets, or develop a negative poten-
tial as any plasma solid boundary in the opposite case. Neutralization can be
done by having an electron source just outside the engine that supplies the
right current: it turns out to be quite efficient because of the large electron
mobility.
2.10 Electrical Insulation Considerations
It is important to point out some of the theoretical and empirical framework for electrical
insulation, which is one of the core issues in the proposed colloid engine. The discussion
will emphasize the experimental results that can be directly applied to the technical issues
of the colloid engine; therefore, small size insulator experimental results will be mainly
discussed.
2.10.1 Theoretical Framework
Vacuum Electrical Insulation
To model vacuum electrical insulation is in practical terms to model a low pressure gas
electrical insulation: there is always a background gas with a certain profile that deter-
mines the electrical behavior of the vacuum gap. When an electric field is applied to a gas,
no current will flow unless free electric charges are present [Blair, 1983]. The behavior is
dependent upon the intensity of the electric field:
- If the potential that is applied generates a small electric field, the current is
the result of the free charges produced by external means (photoionization,
thermoionic emission, etc.)
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e If the electric field is higher, there are inelastic collisions between the elec-
trons and the atoms: some of these collisions provide electrons and negative
ions that eventually can turn the gas highly conductive.
There is a series of issues that influence the electrical behavior of the gas:
e In the excitation part, an orbiting electron in the gas molecule is raised up to
a higher quantum energy level. The excitation state is not stable and decays
by emitting a photon of frequency v. Therefore,
Excitation: Molecule + e~ + hv -> (Molecule)excited + e-
Photon emission: (Molecule)excited - Molecule + hv
where h is Plank's constant. The timelife of the excited state is of the order
of 10-8 seconds. If the gas is not monoatomic, dissociation occurs at the same
time that excitation occurs.
e If an electron has a kinetic energy at least equal to the ionization energy of
the molecule it collides with, then the molecule can release one electron and
thus be ionized,
Collisional ionization: Molecule + e -+ M + + 2e-
If the gas is not monoatomic, dissociation may occur along with the colli-
sional ionization; thus, some by-products can be produced. In any case, an
extra free electron is produced.
. When a photon has a energy hv at least as large as the ionization energy of
the molecule, it can ionize the molecule if the photon is absorbed by an elec-
tron:
Photoionization: Molecule + hv -+ M + + e-
e If a gas molecule has an unoccupied energy level in its outermost shell, then
a colliding electron may take possession of that place. This procedure needs
an extra body to balance the energy involved the process to make a molecule
a negative ion:
Attachment: : Molecule + e- -+ Molecule-
e The negative ion configuration is not stable and ends up in giving up an elec-
tron to become neutral:
Detachment: Molecule- -+ Molecule + e-
The energy required to do it might come from a collision or a photon.
The main model to explain the electrical breakdown of a gas is based on the electron ava-
lanche concept. If a free electron is released by some external means and an external elec-
tric field strong enough exists, the electron will be accelerated by virtue of the electric
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field; if the mean free path is long enough, the electron will gain enough kinetic energy to
ionize a molecule by collision; this procedure leaves an extra electron that will also be
accelerated by the electric field. This way the ionization effect is amplified up to the point
where a stream of electrons crosses the gas that was before an insulator. An electron ava-
lanche can be seen as a chain reaction of ionization. If the attachment effect is smaller than
the collisional ionization the net result will be to have extra electrons after each collision.
The electron avalanche is the first event in gas insulation failure and it continues until the
electrons reach the anode or the electric field is decreased down to levels where the ioniza-
tion process is no longer possible.
The electron avalanche usually is analyzed by using the Townsend model. In this model
the first electron avalanche is initiated by external means; this original avalanche creates
secondary avalanches which create also secondary electron avalanches. An unbroken
chain of avalanches constitutes a self sustaining discharge. The electrons that make the
secondary avalanches may be produced by
- Cathode impact of positively charged ions.
. Impact of photons, due to either external means or exciting collisions.
- Impact of metastable molecules.
Not every externally produced electron will succeed in triggering a self sustaining dis-
charge; therefore, a certain correction factor influences the threshold condition of break-
down.
In a uniform electric field the growth of charges leads to a exponential increase in the cur-
rent while collapsing the applied voltage. In a non- uniform electric field charges from the
plasma sheath around the electrode contain the discharge and produce a corona effect that
can be pulsated or continuous.
In the Townsend model the set up is composed of a gap, a gas, two electrodes and a steady
electric field. The number of electrons per unit of time that are produced in the cathode by
external means is labeled as no. If either this quantity is large enough or the collision time
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is smaller than the residence time, the statistical considerations can be neglected. Mn0 is
the number of electrons per unit of time that arrive to the anode; in this process (M - 1 )no
collisions occurred; therefore, (M - 1)no positive ions will reach the cathode (it is
assumed no second ionizations or recombination occur).The average number of secondary
electrons per ion collision at the cathode in a single avalanche is denoted with E. There-
fore, E(M - 1)no secondary electrons are produced in the first secondary avalanche by
the positive ions hitting the cathode; this secondary electron avalanche will produce some
ions that will release 6 2 (M - 1)2no secondary electrons in the second secondary ava-
lanche. The process is summarized as an infinite series that is equal to the total number of
electrons that were released from the cathode, expressed by
no("1[M_ - 1)i (2.94)
i =0
This infinite series is unbounded if the quantity accompanying no is equal or greater than
unity. This way, the self sustaining criterion is given by
E(M- 1) = 1 (2.95)
For a process that causes secondary electrons in different places apart form the cathode
this criterion is not strictly valid but it provides a good approximation [Blair, 1983].
In order to find out more about the avalanche threshold conditions, M should be clarified.
There are two extreme conditions:
If the gas does not suffer attaching events, an ionization collision coefficient
a can be proposed; this way the rate of electron production is proportional
to the actual electron population ne:
dne = n(x) (2.96)
dx
Therefore, the electron population is equal to
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ne = n,(0)exp adx (2.97)
jo
where s is the gap distance and ne(O) is no. The electron population at s is
by definition Mn,; therefore, if the field is uniform M is equal to equation
(2.98)
M = ea.s (2.98)
If the gas has an important number of attaching events and no detaching
effects, a attachment parameter Tq can be proposed to model the situation.
This way the rate of change of the electron population is equal to
dne
e = n(a - ) (2.99)
dx
The expression inside brackets is then the effective ionization coefficient;
the electron population is then
S
ne = n0 exp [J(a-i)dx (2.100)
.0 .
and by substituting the boundary condition that the population of both negative ions and
electrons in the extreme of the gap is equal to Mno, the proportionality factor M for a uni-
form electric field is found equal to
M = a , _ -_ (2.101)
The question that remains to be answered is the behavior of a . The answer turns out to be
that the collision coefficient a is a function of the external electric field E. If the colli-
sional ionization is a two body process then equation (2.102) should hold:
N D (2.102)
where N is the gas number density. For a non-attaching gas the breakdown threshold con-
dition is equal to
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E[eas-1] = 1 (2.103)
Therefore, if equation (2.10 1) holds, E should be a function g of the electric field divided
by the number density. The electric field is the applied voltage divided by the electrode
distance; therefore, the threshold condition for a uniform field situation is given by the fol-
lowing expression
(2.104)V= NdfN i] = 1
This result is known as the Paschen's law for low pressure gas breakdown. The low pres-
sure gasses have a characteristic behavior that is shown in Figure 2.8:
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Figure 2.8 Breakdown voltage versus number density times gap distance
behavior for a typical low pressure gap (Nitrogen) [Blair, 1986]
Figure 2.8 has a minimum that determines the minimum breakdown voltage condition for
a given gas. From there to the right the threshold breakdown voltage increases with the
pressure, directly related to the density number N, because a higher pressure implies a
'5
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smaller mean free path; this way the movement toward the electrodes is diffused by the
random collisions. From the minimum breakdown voltage condition to the left a decrease
in the gas pressure increases the breakdown voltage because the collisions between mole-
cules and electrons become infrequent and there is a lack of molecules per unit of volume
to be part of the electron avalanche process. This part of the graph is the range directly
related with high vacuum: the less background gas the better for reaching an acceptable
insulation level.
If the gas has attachment events there is a minimum E/N that characterizes the threshold
condition to physically produce breakdown conditions. If X is less than rj the electrons
that are produced in the ionization process are attached and no avalanche is produced.
Therefore, the threshold condition shows the case where the collision coefficient is equal
to the attachment coefficient. The last fact is explained by the fact that the ionization coef-
ficient is a function of the electric field E.The behavior is summarized in the next figure:
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Figure 2.9 Electric field divide by the number density versus the
number density times the gap distance for a low pressure
gas that has attachment events [Blair, 1986].
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The current versus voltage behavior for an uniform field configuration can be summarized
in the next three stages:
1. The current is produced by external causes, such as photoionization, and the
presence of an external electric field. This current is small and does not pro-
duce breakdown by itself.
2. The current remains constant until the threshold condition is reached.
3. The avalanche is produced and an exponential increase of the current occurs.
Even though this model does not take into account parameters such as the potentiality of
the anode to suffer sputtering, surface contamination, etc., it gives a good understanding
of the main processes involved in the electrical breakdown of vacuum.
If the gas does not provide enough secondary processes the electron avalanche is
explained by a mechanism called "Streamer theory". In this model the electrons of the
electron avalanche are assumed to be distributed spherically. The electrons have a higher
mobility compared to the mobility of the ions; therefore, the ions make the tail of the ava-
lanche. Photons that are produced in the head of the avalanche produce free electrons by
photoionization; the charge that is generated by the avalanche distorts the external electric
field in such a way that the electrons are moved towards the head of the avalanche, giving
continuity to the avalanche. The effect of the distortion of the electric field results in a
decrease of the electric field felt by the electrons that conform the electron avalanche.
Breakdown in Liquids
In the case of electrical breakdown in liquids there is a tremendous dependence of the
breakdown voltage with respect to the type of impurities and their relative density in the
liquid: contaminated liquids fail far easier than cleaner liquids. It is quite hard to remove
particles smaller than 1 micron in liquids; therefore, a liquid usually shows the breakdown
behavior of a contaminated liquid rather than the behavior of a pure liquid (insulation liq-
uids that cross through a metallic tube get positive ions from it, making it easier to set a
breakdown).
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For pure liquids the mechanism of breakdown generation is similar to the scheme of elec-
tron avalanche that explains the breakdown phenomenon in gases; this mechanism is com-
posed of the following parts [Binns, 1983]:
" The electrons gain energy while moving across the electric field. Electrode
geometry might play an important role in setting up areas with high electric
fields.
- If the electric potential is large enough the electrons can gain enough kinetic
energy to dissociate the liquid; this way micro-sized bubbles are generated
that would eventually form a communicating channel between the elec-
trodes.
. The bubbles are formed in an easier way in the discontinuity zones such as
the surfaces of the electrodes and the impurities immersed in the liquid.
" Electrons are far more mobile in a liquid than ions; therefore, it is possible to
generate ion accumulation zones in the liquid.
. Electron and ion avalanches are produced. The avalanches try to reach the
respective electrodes to establish the threshold breakdown condition.
- Before breakdown occurs, the electrons have started from the cathode while
building a bubble path that measures about 0.5 microns. Once there the
excess of charge makes the bubble tunnel to explode into a fan, thus aug-
menting the number of paths that can end up in breakdown.
- If two branches from different break ups meet together, it is possible to join
efforts and become a single bubble tunnel.
- Once the first bubble tunnel system gets from one electrode to the other, the
electron avalanche is imminent.
The bubbles are then the key aspect of the liquid breakdown theory; in clean liquids the
bubbles are produced by giving enough energy to a volume of liquid to make it change
phase; in liquids with high concentration of impurities the bubbles are formed on the sur-
face of the impurities, or might be already inside the liquid. The bubbles reduce by their
size the effective gap separation. Another source of breakdown in liquids that are highly
contaminated is the presence of fibers that can be orientated by the electric field. This way
a path made of fibers is constructed until the path connects the electrodes. This fiber path
has low resistivity. A high current passes through the fiber path while heating up the sur-
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rounding liquid until a phase change is forced: the fiber path disappears but its result, a
contour of liquid bubbles, remains to produce the electron avalanche.
The effect of temperature acts against and in favor of breakdown. If temperature is high
some decreasing-close-to-breakdown effects are present such as the vaporization of the
water that can be inside the liquid insulator as impurity, the insulating liquid can absorb
more gas before the liquid reaches saturation and the viscosity falls (this makes larger the
ion convection from the electrodes); on the other hand there are some adverse effects such
as a decrease in the surface tension that implies that the bubbles will grow and elongate
more. The net result is that the breakdown voltage in general drops if the liquid tempera-
ture increases.
Breakdown in Solids
The ideal model used in solids is based on the quantum analysis of a lattice. The model
predicts that the breakdown voltage is proportional of the crystalline structure and the
temperature that this crystalline array has. The sources of electrons for conduction are:
e Fowler-Nordheim emission.
* Field aided thermoionic emission (Schottky emission).
e Field enhanced ionization of impurities (Poole-Frenkel effect).
Electrons are transported to the anode either by hopping or drifting from trap to trap. If the
Fermi energy level is high enough and the gap separation small enough, the electron can
cross the gap without using any trap.
In the ideal theory (Frohlich) the electrons gain energy while travelling through the elec-
tric field for a characteristic time t; after that time the electron loses its energy in vibra-
tions. The rate of energy that is gained by the electrons under the influence of the electric
field is a function of the Fermi level, the electric field and the temperature of the lattice. In
steady state this energy augmentation rate is balanced with the dissipation rate of the lat-
tice.
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There are two criteria of instability (threshold for breakdown condition):
e Von Hippel's criterion, a low energy criterion where the electric field has to
accelerate all the electrons.
- Frohlich's criterion, a high energy criterion where the electric field acceler-
ates the electrons that have ionization energy.
In any case, the stability criterion is defined by the fact that the rate of electron loss by
recombination is equal to the electron creation rate by collision.
The experimental evidence shows that the theoretical prediction based on this and some
other proposed breakdown mechanisms is not satisfactory. There are some issues that can-
not be explained by using these models, such as:
" The luminescence before breakdown, result of the presence of photons form
the recombination events.
* The cathode plays an important role in the breakdown effect and is not
included in the models.
Among the secondary effects that affect the ideal case are:
- The heating effect of the pre-breakdown current.
- Compressive forces due to charges on the dielectric phases.
- Treeing. When the voltage is applied in peaks microfractures are generated
in the lattice. These microfractures generate electrons and atoms with
enough energy to become free from the lattice. The first step in failure is to
generate a tunnel filled with gas that is meant to conduct the avalanche. The
tunnel grows randomly in different directions at the same time due to the
erosion of the lattice.
" The ideal theory states that the breakdown voltage is not dependent on the
electrode and film geometries, electrode material and the wave shape of the
voltage; these parameters have been experimentally demonstrated to influ-
ence the breakdown voltage in a given set up.
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2.10.2 Experimental Results on vacuum insulation
There are a few references about experimental work on vacuum insulations that can be
applied to the present colloid engine; one of them comes from an investigation made by
Noe [Noe, 1996]. This work postulates that there is an empirical criterion for electrical
breakdown in vacuum based on microscopic field strength and voltage. The author then
identifies two regimes, depending on whether or not the gap distance is greater than 10
millimeters. This value divides the behavior of the vacuum gap into two different behavior
regions. In both regions the dependence of breakdown voltage versus distance is linear,
but the region form 0 to 10 millimeters has a steeper slope. Figure 2.10 can improve the
understanding of this behavior:
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Figure 2.10 Voltage v.s. distance dependence for
a vacuum gap [Noe, 1996].
The primary process leading to vacuum discharge is electron field emission, a process that
is proportional to the electric field in the cathode: the electrons emitted gain energy pro-
portional to the applied voltage between the electrodes. Secondary processes on the elec-
trodes are proportional to the power density of the impacting electron beam, such as
melting/vaporization of metal. By using a series of experiments, Noe proposes a empirical
formula for the breakdown voltage on vacuum gaps equal to
Eb = " (2.105)
b Ud1+-
Uc
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where Eb is the breakdown electric field, E0 is the slope of the voltage versus distance
graph when the distance tends to zero (a value around 20V/micron), Ud is the breakdown
voltage, and UC is the voltage corresponding to a electric field of 50% E0 (in other words,
the voltage which slope in the voltage versus distance graphic is equal to the 50% of E0 ).
The next graph illustrates the situation:
V
Figure 2.11 The different parameters used on Noe's empir-
ical equation.
The breakdown voltage divided by the gap distance d is equal to the breakdown field.
Therefore
Ud E0Ud = " (2.106)
d Ud
UL.
Solving for the breakdown voltage one gets
2Eod
Ud = (2.107)
E__d1+ 1+
UU
If d << -- the breakdown voltage is equal toEod; in the opposite case the breakdown4E
voltage is equal to jUcEOd.
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An increase in the breakdown voltage after breakdown is called "conditioning"; the oppo-
site behavior is called then "deconditioning". Both effects have been experimentally
detected and are supposed to be related to changes in the microstructure of the surfaces. In
a work from Abner [Abner, 1991] it is established that for the case of silicon, the measure-
ment of the time delay between the applied voltage and the breakdown current exhibits a
linear dependence on the applied voltage; this result suggests that for silicon the gas des-
orption during breakdown is a thermal process and might not be related to the electron
avalanche.
It is clear from Noe's equation that an actual modeling of a vacuum insulating gap
requires experimentation with the actual gap in order to determine the different parameters
on which this equation is based. Therefore, this equation does not give any "rule of the
thumb" to dimension the gaps before experimentation. The reason for this behavior lies in
the fact that even though the vacuum should behave the same, the electrode materials
highly influence the breakdown voltage: the softer the material is, the more prone to sput-
tering and plasma creation that generates a chain reaction process, previously explained
under the name of "electron avalanche". Noe explains then how one should accomplish
this experimentation: a gap is excited with a series of peak voltages. The amplitude of
these peaks is increased in steps and the results of failure are statistically modeled as a
Poisson distribution. The breakdown behavior of a set of gaps in parallel is determined by
the gap with the lowest breakdown voltage. The breakdown behavior of a series of gaps
has to be modeled as a single breakdown voltage. A safety factor of 1.2 is recommended
when using this empirical equation. Without taking into account the material dependence
of the breakdown effect, and by realizing that the electrodes of the colloid engine would
be made of a hard material, either polysilicon or tungsten, one can use Noe's experimental
values [Bender, 1996] to determine that when the gap tends to zero, the electric field for
breakdown should be around 2 - 107 V/m as shown on Figure 2.10, where the voltage
where the 50% of the gaps fail is shown versus distance.
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Another interesting research was carried out by Le Gressus [Le Gressus, 1990]. In this
work it is stated that insulator charging is correlated to the flashover phenomenon even
though it is difficult to determine if the charge was the cause or the consequence of the
flashover. A fast change in the polarization of the dielectric is believed to be responsible
for the initiation of a plasma that expands on the surface with treeing.
The alternative mechanisms of flashover pointed out by this work are:
e Secondary electron cascade (avalanche): The experimental facts that support
this mechanism are a correlation between the secondary electron yield and
the breakdown voltage (the yield increases if the breakdown voltage does the
opposite) and the positive surface charge after breakdown.
- Ionization cascade model: The experimental evidences for this cause are
both photon activity prior to voltage collapse and the fact that intrinsic sur-
face defects produce a tremendous effect on the breakdown voltage.
- The flashover is the result of the electrostatic energy dissipation in the
stressed insulator.
These are some of the experimental facts related to the charging phenomena on insulating
materials:
e The appearance of a permanent charge is due to the insulating property of
the material and the formation of defect energy levels in the bond gaps that
act as electron traps.
- Charge formation is associated with the creation of defects due to dissipation
of electromagnetic energy.
- Charge relaxation is inversely proportional to the dissipation of energy. The
dissipation can be slow (thus slow charge decays after removal of the stress)
or fast (mechanical breakdown).
* The surface properties dictate the breakdown characteristics and the com-
plex dielectric constant is the key parameter to precisely characterize its
behavior.
The experimental evidence of insulator surface breakdown in a simulated environment
gives foundations to the following affirmations:
- Plasma background affects breakdown initiation.
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- With magnetic shielding the maximum breakdown voltage can be increased
up to three times. For this purpose Neodymium magnets capable of 30 mT
are placed in the surface that separates the electrodes. The idea is to use the
E x $ drift to push electrons outside of the breakdown surface.
e Ultraviolet light hitting the electrodes promotes ionization and therefore, the
breakdown voltage drops.
e X-ray emissions show that electrons with high energies are present near
breakdown.
- The breakdown process can be described as a first stage of linearly rising
current followed by an exponential current rise. The latter stage is responsi-
ble of creating a plasma with number densities around 1018/m 3 .
The most useful reference for the colloid engine design is from Xianyun [Xianyun, 1997].
In this work the DC breakdown characteristics for gaps in the micrometric range from 25
to 1000 microns were extensively studied. The high voltage breakdown of vacuum gaps is
mainly determined by the conditions of the cathode. For a vacuum gap of 50 microns and
a vacuum of 10-5 Torr. the breakdown strength was found larger than 220 V/micron
while for a 1000 micron gap the breakdown field was found to be equal to 44.5
V/micron. These two experimental measures clearly evidence that the smaller the gap is,
the easier is to keep unwanted particles from playing a role in the electrical breakdown
and thus the higher the threshold condition gets. For gaps smaller than 200 microns it was
found that a rapid degradation occurred which yielded lower voltages, once the maximum
breakdown voltage had been previously achieved. There was no experimental evidence
that suggested a different behavior between a highly polished electrode and a electrode
with 1 micron roughness, even though the behavior of a vacuum gap under high voltage
was found to depend on the electrode material (the harder the better), shape of the elec-
trode and mainly the contamination presence (microfabrication related roughness falls
within the range of angstroms).
The effect of the electrode separation on the breakdown voltage, although the other
parameters such as electrode material an geometry are fixed, is not a simple function. Fur-
thermore, for identical gaps a 25% scattering of values was found. Xianyun finally pro-
posed two equations, depending on the gap size d:
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Vb(KV) = 37[d(mm)] .37, d e [25, 200]microns
Vb(KV) = 44.5[d(mm)]0.44,dre [25,600]microns (2.108)
Vb = 20 - 25KV,d e [600, 1000]microns
The last set of equations confirms that there is a strong dependence of the breakdown elec-
trical field with respect to the gap distance if the gap distance is small. The theoretical
breakdown electrical field in vacuum is fixed by the electrical field that can extract elec-
trons from their potential well, a value around 6.5 MV/mm. This condition is never
reached due to the presence of background pressure and contamination. For a larger vac-
uum gap, it was found that the electrical breakdown voltage increased as several threshold
conditions where reached (conditioning).
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COLLOID ENGINE DESIGN
This chapter addresses the different issues that should be taken into account when design-
ing a microfabricated colloid engine. For an introduction to microfabrication please refer
to Appendix A.
3.1 Liquid Physical Properties
From the different available propellant options, based on the previous work of several
researchers, the best option in doped electrolytes is formamide. The experiments show
that formamide has the largest specific charge, which translates into a higher Isp if the
same potential is applied. Glycerol was also explored because it has a lower vapor pres-
sure that formamide and its liquid range spans a larger temperature range. Glycerol is a
very good solvent. Another interesting property of glycerol is that its relative electric per-
mittivity is close to the neck of graph of the dimensionless parameter f discussed in Chap-
ter 2, thus maximizing the Isp (the neck is the point where f starts having a constant value
regardless of the relative electrical permittivity); it turned out that it does not produce
enough Isp to meet the desired 500 s. condition except at voltages of the order of 10-20
kV. On the other hand, experimental work suggests that glycerol behaves somehow dif-
ferently compared to the other electrolytes probably because of its high viscosity; there-
fore, the empirical equations that were postulated in Chapter 2 are no longer valid. The
experimentation with glycerol usually involved potentials of the order of 10 kV and thus
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multiple cone generation; this implies that the experimental results that are available for
glycerol might not be good for modeling single cone thrusters.
The doping salt to be used with formamide is NaI, a substance that can mixed up to a 30%
weight ratio. Other ionic salts are also possible (LiF, LiCl, NaF, etc.).
The physical properties of the liquid that was selected, formamide, are temperature depen-
dent. Even though formamide does not vary on its physical properties as much as many
other electrolytes, it is important to take into consideration the temperature variation of the
properties in order to get an accurate operation point from modeling. The following phys-
ical properties are least square fits or interpolations, based on data from a recognized ref-
erence [Lide, 1995].
Table 3.1 summarizes the physical properties of pure formamide.
TABLE 3.1 Physical Properties of Pure Formamide
Property Value
Name CH3NO
Melting Point 275.55 K
Boiling Point 493 K
Heat Capacity (liq) 107.6 KJ/(Kgmol - K)
Flash Point 427 K
TLV/TWA levels 10 ppm (18mg/rm )
The following equations for calculating further properties of formamide are valid for tem-
peratures T from 275 K to 493 K; temperatures are to be expressed in Kelvins.
Liquid density, p:
pT- 0 .25178
p = 276.33 -0.20352-1 771 Kg/m3 (3.1)
Surface tension, T:
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F Ti. 2222
T = 0.10 7989 - I - - N/m (3.2)771
Viscosity, p:
[ 13.3646 + 1965 + 0.018169 - T - 1.2609 - 10-5 . T2]
10 Pa.s (3.3)
Thermal expansion, a:
[rT .7 4 8 2
x = 5.199 - 10-4[1 -- 1/K (3.4)771
Relative electrical permittivity, c:
, = 260.76 - 0.61145 - T + 0.000342 -T2  (3.5)
Vapor pressure, P :
14.2014 - 0.32887 - logio(T) + 9.1384 10-10 .T - 4.0029 - 10-6. 2] Pa
PV = 101 (3.6)
3.2 The Core of the Engine
Within the heart of the colloid engine resides the fact that in order to provide the flow rate
the Taylor cone requires to operate, the engine should provide a hydraulic pressure drop
with a hydraulic impedance that matches the desired flow rate. In other words, the pipe
system of the colloid engine should have the right geometry to use the stagnation pressure
of the liquid reservoir in moving the flow rate that the Taylor cone is going to accelerate. It
would also be desired that the activation of the ducts be achieved by using the extractor
potential; that is, the available stagnation pressure of the reservoir should not be large
enough to overcome the surface tension pressure of the meniscus in the tip of the duct: this
way the duct does not develop a flow unless the accelerator electrode is activated. If the
surface tension pressure and the stagnation pressure of the reservoir are close enough the
system will need a high pressure drop and a high hydraulic impedance. This is good
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because it gives the system enough inertia to withstand any transients with enough robust-
ness.
The next step is to develop a guidance chart of the hydraulic pressure vs. diameter to move
a fixed flow rate. A flow rate equal to three times the minimum flow rate was selected
because it is known, as explained on Chapter 2, that the Taylor cone needs a minimum
flow rate to operate in a stable mode, and that the range of possible flow rates that the Tay-
lor cone can support scales up to about 6 times the minimum flow rate. A small code avail-
able in Appendix C was used to calculate de hydraulic pressure drop vs. diameter for the
proposed flow rate. The code varies the length-to-diameter ratio and calculates the stagna-
tion pressure with respect to the background pressure that would be required to move the
fixed flow rate with different duct diameters. The modeling is based in the well known
axi-symmetric Poiseuille solution for cylindrical pipes. The code uses some experimental
facts, for instance that the minimum value of the dimensionless number 1 is around unity
and that the density of the fluid changes to some extent if the doping percentage is impor-
tant. The working fluid is formamide at 298 K.
The result of the code for a flow rate of three times the minimum flow rate is summarized
into Figure 3.1. There the family of curves with the largest number of members is the
hydraulic pressure drop versus diameter for a fixed flow rate and a fixed length-to-diame-
ter ratio. The length-to-diameter ratios increase towards the upper-right corner starting
from a length-to-diameter ratio of 50 while increasing in steps of 100. The other family of
curves is composed the curve for 90% and 100% of the surface tension effect. From this
graph it is clear that there is no way to make a liquid such as formamide have the equiva-
lent pressure drop to the capillary pressure in the hydraulic system, unless the length to
diameter ratio is large enough, around 1600. Therefore, another approach to fabricate the
needles should be found, different from the Paine's suggestion of using the thickness of
the wafer as the available room for the duct emitter.
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The ideal point of operation should be one were the different curves involved do not have
a steep slope, so small variations would not threaten seriously the operation of the engine.
Another important consideration is to try to make the ducts with a diameter small enough
to decrease the evaporation losses (a 8-micron diameter duct with formamide while con-
ducting the proposed flow rate loses in vacuum around 1.26% of the flow rate in evapora-
tion from the cone) while large enough to be robust to fabrication dimensional tolerances
(a robust microfabricated feature should allow length variations around 0.5 microns). It is
also desired that the available stagnation pressure should be around 90% of the pressure
exerted by the surface tension, so the remaining pressure is to be electrostatically provided
by the extractor.
With all these requirements, the best option for formamide is a duct diameter of 8 microns,
and a length-to-diameter ratio around 1650. It is important to point out that the design pro-
cedure of the engine and the microfabrication process that will be explained in Chapter 4
are applicable to any electrolyte because given the size of a wafer there is no constraint in
the maximum length-to-diameter ratio that can be set for a given engine. As a matter of
fact, if the same design procedure were used for glycerol, it is found that a length to diam-
eter ratio of about 250 would be good enough with a needle diameter around the value
chosen for formamide.
Once the desired operation point is chosen, it is important to calculate the different param-
eters that will allow the designer to specify completely the colloid thruster; therefore, a
small code was written in order to calculate the minimum flow rate, actual pressure drop
in terms of the minimum flow rate, starting voltage, specific charge and Isp, among some
other parameters based on the equations explained on Chapter 2. The code appears in
Appendix C.
For the operation point of the proposed MEM colloid thruster, this is the result (all the
results are in MKS system):
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Physical properties/ operation point
Insert the operational voltage, V (MKS): 4000
Insert the electrical conductivity, K (MKS): 2.3
Insert the mass density, rho (MKS): 1289
Insert the relative dielectric constant, Epsilon: 109
Insert the surface tension, (MKS): 0.05943
Insert the viscosity constant, mu (MKS): 0.003348
Insert the working delta of pressure, P (MKS): 2.42e4
Insert the needle inner diameter, DN (MKS): 8e-6
Insert the number of times the flow is going to be greater
than the minimum flow rate: 3
Nmin:? 1
Qmin = 1.933725149256249e-014
Mflowmin = 2.492571717391304e-01l
Q = 5.801175447768746e-014
Mflow = 7.477715152173913e-011
I = 1.705852710743961e-007
PMIN= 29715
Rstar = 2.897745114096832e-008
Djet = 1.159098045638733e-008
Vstart = 8.216391225316478e+002
q_m = 2.281248584666986e+003
Isp = 4.354740619205874e+002
Emax = 1.255503367650362e+009
Qcrit = 1.934286797837123e-014
DNmin = 2.012783201565392e-008
power = 6.823410842975846e-004
Thrust = 3.194480322369454e-007
Eff = 0.95
Re = 0.00355470602479
factor = 1.800430177734976e+004
Lmin = 0.01252603662127
L_D = 1.565754577658184e+003
Stag. Press/S.T. Pressure = 0.81440349991587
In the case of this design the stagnation pressure is around 80% the maximum surface ten-
sion pressure. The fact that the remaining 20% must be supplied by the electric pull is not
a limitation since it is possible to generate a Taylor cone from a droplet without any avail-
able stagnation pressure. The existence of the duct will just set a certain threshold voltage.
Furthermore, in steady state how far the stagnation pressure was from the maximum sur-
face tension will not matter.
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3.3 Material Selection Considerations
The engine needs to match a certain operation profile that generates the following material
requirement list:
- The electrical breakdown of the materials that are used for insulation should
be as high as possible. This is related to the thickness of the insulating layers
that are to be deposited/grown, and to the clustering potential of the engine
(the more ducts per unit of frontal line that can be done, the better).
- The thermal conductivity of the materials that conform the engine should be
high. This feature would allow the possibility to precisely tune the tempera-
ture of the liquid in order to correctly set up the operation point (physical
properties are temperature dependent, and in many cases they can vary sub-
stantially in a small temperature range). In the case of an ionic liquid propel-
lant it is necessary to heat it up to obtain high conductivities and therefore a
high thermal conductivity is desirable to do it.
" The thermal expansion coefficient and more generally the thermal compati-
bility are core issues for the prolonged operation of the engine. On one hand
it is desirable to conserve the original dimensions as close as possible.; on
the other hand all materials suffer volume changes when changing tempera-
ture. Despite this, if all the different constituents of the machine expand at
the same rate, the dimensional integrity, as a whole, is conserved (covari-
ance). This avoids thermal effects due to a mismatch in the thermal expan-
sion coefficients of the different materials that compose the engine. The
more alike the materials are, the better the performance of the engine under
extreme conditions.
. The engine has to be externally covered with a certain material that allows it
survive the hostile space environment where radiation and high energy parti-
cles are present.
- The materials should have well-established fabrication methods. Microfabri-
cation methods are hard to tune up if one has to work from scratch.
There is a standard procedure to select materials where a combination of parameters
shows up and optimum values are desired. The philosophy of this procedure was proposed
by Ashby and his property charts will be used to determine the best material candidates
[Ashby, 1996]. These charts are included in Appendix B. Given the fact that microfabrica-
tion procedures are strongly linked with the substrate materials that one works with, the
Ashby procedure will be used to demonstrate that the selection of materials associated
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with well tested microfabrication procedures fulfills most of the ideal material profile,
rather than pointing out all the possible material candidates that are available without tak-
ing into account the fabrication processes.
3.3.1 Minimum Mass
If the stress-deflection mechanism of the engine is assumed to be described as a 1-D lin-
ear, elastic beam model, the maximum bending moment is given by
Mmax - wL 2 C (3.7)
where w is the distributed force per unit of length, L is the length of the beam and C, is a
certain positive constant less than unity dependent on the boundary conditions. This is
useful to model the behavior of a wafer-like structure that is subject of a certain set of con-
strains on its boundaries.
The areal moment of inertia for an area characterized by a certain width is proportional to
the cube of the height as shown in the following expression
I = C2h3  (3.8)
where C 2 depends on the area distribution of the transversal cross section. The maximum
bending stress a is given by
S-Mh C3 (3.9)
where C 3 is a constant of proportionality between the most external point from the area
centroid and the height of the cross section. To better understand this concept the follow-
ing sketch might be helpful:
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Figure 3.2 Schematic of the stress distribution of a 1-D beam under bending.
Therefore, the bending stress is equal to
(3.10)
where C is a proportionality constant that groups the effects of the partial proportionality
coefficients. From this equation the characteristic height (the wafer thickness) can be
expressed as
(3.11)h = L
On the other hand, the mass of the beam can be expressed by
Mass = pL 2hK (3.12)
where p is the mass density and K is the proportionality factor to match the cross sec-
tional area to the square of the area characteristic length L (in this case the fact that a 2-D
wafer is modeled shows up and thus the volume is the circular area times the wafer thick-
ness). For a fixed geometry, the mass can be expressed as proportional to the mass density
divided by the square root of the bending stress as shown in the next equation:
CL2
h2
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Mass = C-- (3.13)
In the limit, a bending stress is equal to the yield stress. In order to minimize the mass, the
factor a 112/p should be as large as possible. By looking at the strength versus density
chart from Ashby, it is clear that the engineering ceramics are the substances with the larg-
est stress to density ratio that are known to mankind. Microfabrication materials such as
silicon, silicon nitride and silicon oxide are included among these engineering materials.
Another failure mode of the engine structure is compression, in which case the magnitude
to maximize is
G (3.14)
p
with identical results as the previous case. This failure mode can be related to the stress
field mainly resisted by column-like structures that can be supporting the loads while
being immersed into a liquid as in the case of a column structure for giving rigidity to the
fuel reservoir. The columns should not fail before by buckling.
3.3.2 Minimum Deformation
If the same 1-D elastic, isotropic, linear model is used to determine the deformation of the
beam under zero displacement non-zero slope boundary condition, it is obtained that the
maximum deflection A can be expressed by
A = AiwL4  (3.15)EI
where A 1 is the proportionality factor and E is the Young's modulus of the material; from
the stress analysis that was done in a previous paragraph it is known that the stress is pro-
portional to the square of the length to thickness ratio and that the inertia moment is pro-
portional to the cube of the thickness. Therefore, the maximum deflection ends up being
equal to
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A = A 2Lw (3.16)
_E
03/2
where A 2 is a proportionality factor dependent on the actual cross sectional area, 2-D
deviation from the 1-D model and load distribution. The important issue is that by maxi-
mizing E/&3/ 2 the deflection is minimized. By looking at the modulus-strength chart
form Ashby, it can be realized that the behavior of silicon and silicon nitride are among the
best that one can get from all available substances; there is a better behavior of certain
engineering alloys, but any metal should be discharged as bulk material because of electri-
cal insulation issues (metals form lattices by using metallic bonding that makes the elec-
trons follow a Fermi distribution where the valence and the conduction bands overlap).
A reduced order model for the thermal behavior points out that in order to have the small-
est thermal distortion the thermal coefficient a should be as small as possible; on the
other hand, a small Young modulus translates a given thermal deformation into a lower
stress level. Therefore, in order to have the smallest thermal-related effects the quantity to
maximize is
1 (3.17)
aE
By taking a look at the proper appendix chart the thermal stress behavior of the microfab-
rication substrates is characterized to be around the same as steel and engineering poly-
mers. These materials are not among the best choices. This is understandable because the
Young modulus should be large in order to make the structure stiff, which is a key aspect
of low deformation; therefore, materials like silicon or gallium arsenide even though have
small expansion coefficients, have large Young modulus that are translated into rather
high thermal stresses. This fact points out the need to look for covariant materials to
achieve a zero thermal stress condition within a wide temperature range.
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There are some other parameters that can be taken into account to define the ideal profile
of the set of materials that would be used to build the colloid engine: cost consideration,
rigidity, etc.These criteria do not change the landscape and thus will not be discussed.
Their related material charts are also included in the Appendix B.
There is one last consideration that should be made: to calculate the displacement field of
a 2 -D cylindrical member under the influence of hydraulic pressure: this calculation gives
a good estimate of the minimum wall thickness of the piping system, given the fact that it
is desired to withstand the stress levels while having a small deformation from the
unloaded condition. In order to do this calculation the elastic basic equation for an isotro-
pic linear material in a non-time-dependent equilibrium system will be considered. The
proposed problem is solved in Appendix C.
If the external radius of the duct R 2 out is parametrized in terms of the internal radius as
t - R 2 gi and a standard Poisson ratio value of 0.3 is taken, the maximum displacement A,
which occurs in the inner radius, is simplified into
A= H [t2R, + O.4Rin] (3.18)
2G(t 2 
_ 1)[n
The criterion to minimize de deformation is to increase as much as possible the shear
modulus, a parameter that is directly related to the Young modulus by
G = E (3.19)
2(1 + v)
The maximum displacement is therefore
A = R. (t2+0.4) (3.20)
E(t 2 
_ 1) n
If a certain criterion for the maximum displacement is set, say that the maximum displace-
ment should be no larger than 1% of the pipe thickness (t - 1 )Ri, it is possible to solve
for the scaling parameter t as
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(t - 1) (t2 _ 1) 1.4 PH 3.1
(t 2 + 0.4) 100 E
The solution for silicon with a Young's modulus E equal to 160 GPa and the maximum
hydraulic pressure, found in the last section equal to 2.42 - 104Pa gives a t parameter
equal to 1.00275 This answer was expected because the pressure is far smaller than the
Young modulus and therefore the homogeneous solution should be quite close to unity.
This last calculation assures that there is no need to take care of a minimum thickness in
terms of the pressure that the engine is going to achieve.
Even though none of the models that were proposed predicts the behavior of the structure
in 3-D, the assumptions that were made make sense and the results give threshold condi-
tions that are far from the actual engine situation. Therefore, apart from taking into
account some rigidity issues to make the engine robust to deformation, the engine will not
fail due to the loads that it receives from the fuel reservoir or the engine clamping to the
spaceship.
From the microfabrication materials that are available in the microfabrication facilities at
MIT (the Microfabrication Technologies Laboratory, MTL), the best options are silicon
and silicon oxide. Silicon is a light material, with a maximum stress about the same mag-
nitude of a non-alloy steel; it supports temperatures up to 1000 * C and has thermal com-
patibility with its oxide, a material that will act as an electrical insulator. For more
information on their properties, please see Appendix A.
3.4 The Length-to-Diameter Ratio
From a previous section in this chapter the need of a large length-to-diameter ratio was
pointed out. The thickness of the wafer is not large enough to support the length to diame-
ter ratio for any electrolyte; therefore, the solution is to carve the pipes in halves and to
join them together at the end of the fabrication process. This way two wafers are used
instead of one to produce the engine needles, but the length-to-diameter ratio is no longer
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limited to a small quantity: in fact the maximum length to diameter ratio will be fixed by
the maximum length that can be carved on a wafer surface, a quantity that is about
100.000 microns for a 4" wafer, and the minimum duct diameter to avoid clogging, around
5 microns. Any known working fluid has a set of physical properties that make the operat-
ing point (for a colloid engine that uses it as a propellant) fall in a length-to-ratio far
smaller than the maximum allowed value. Values around 1500 are ideal in most situations
with needle diameters no larger than 10 microns. In order to have a clearer understanding
of the engine, please see the section about the concept engine in this chapter.
3.5 The Electrical Extractor-Accelerator
The colloid engine has a set of two electrodes to both extract and accelerate the charged
droplets. This is because if too much potential is applied to the Taylor cone, it can develop
more than one jet and thus most of the engine modeling assumptions would not hold. The
idea is to apply about the minimum threshold voltage between the needle tip and the elec-
trode formally known as extractor. The rest of the electric potential would be applied
between the extractor and the remaining electrode, formally known as accelerator. This
way the extraction of droplets is decoupled from the acceleration to the final speed that the
droplets will achieve. The system is thus composed of a concentric arrangement of elec-
trodes that takes the droplets from the Taylor cone, gives them a certain speed while mak-
ing them cross through the electrode arrangement to finally leave the engine with a small
divergence angle. The electrode rings are large enough to avoid physical contact with the
droplets: in order to achieve this it was assumed, based on experimentation results from
other MIT students, that the jet breaks up about two diameters from the needle tip to reach
a final divergence angle of 18* in the case of formamide. Experimental evidence clearly
shows that the divergence of the droplet spray is larger in arrays of beam emitters than in
single needles [Daley, 1973]. Therefore, the design should contemplate the isolation of
each electrospray beam until it has reached its final divergence angle (when the spatial
charge no longer affects the behavior of the droplets). This is achieved by separating the
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ducts 104 microns, equivalent to 13 times the duct diameter. This duct separation is also
useful to avoid non-uniformities in the needle microfabrication.
The other issue to address in this section is the electrical insulation. Electrical insulation is
provided by using vacuum gaps, that separate the electrodes from each other and from the
needle tip, and silicon oxide to isolate the electrolyte and electrodes from each other and
from the silicon bulk material. The vacuum gaps were selected for separating the elec-
trodes and the needle tip because vacuum gaps give the highest breakdown voltage and
because it is also important to allow the droplets that did not make it through the extractor/
accelerator system to leave the extractor/accelerator chamber without causing any hazard
to the engine (they can form a breakdown path). This last fact is important in electrolytes
which are highly doped, like the one that was selected for the colloid engine, because if
the droplets find a way to remain there, they will eventually vaporize and thus leave on the
extractor accelerator surfaces the doping salts which may trigger a breakdown electron
avalanche. Because of this, the gap should cross through the entire wafer thickness and
leave an open path for liquid evaporation or expulsion.
The formula that was used to determine the breakdown potential Vb of the vacuum gap,
which is explained in the Chapter 2, is
Vb(KV) = 37- [d(mm)]0 .37  (3.22)
This equation was used for this purpose because it was experimentally worked with dis-
tances and vacuum conditions similar to the ones the colloid engine will have. The other
breakdown voltage reference (Noe's equation) predicts a breakdown voltage for a 20
micron gap of about 400 V, which is a fraction of the threshold potential to produce a Tay-
lor cone. It turned out that Noe did not work in micron-sized gaps and his formula reflects
the previously commented gap size-breakdown voltage dependence.
For the critical path, the distance between the needle tip and the extractor electrode, we
propose a certain distance that has a given safety factor (the higher the better) that will act
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as the electrical insulation of vacuum and thus determine the minimum electrode diameter
to keep such distance from the border of the duct tip to the border of the extractor elec-
trode. The next figure can clarify the set up
BULK
D=n.d
Figure 3.3 Duct tip-gap-extractor electrode set up
The duct has a diameter d and the electrode has a diameter D; the gap has a distance equal
to 2d, the point where the jet is supposed to break up in the case of formamide. The bulk
silicon is covered in the end by a silicon oxide film. If a separation distance A between the
duct tip and the electrode and D is parametrized as n times the duct diameter, it can be
shown that
4A22n2 - 2n + 1- = 0
d2
(3.23)
The solution for n is
1 A2 14
n =- + 2--
2 d2 4 (3.24)
103
104 COLLOID ENGINE DESIGN
For a vacuum gap of 16 microns, a gap that provides electrical insulation for voltages up
to 8.01 KV, n is equal to 3.5. The starting voltage is 850 V but around 1000 or 1500 V will
be applied between the duct tip and the extractor, giving a safety factor against breakdown
of 8 and 5.3 respectively. A gap between the electrodes will resist the rest of the total
potential drop.
The electrical insulation that is provided by the silicon oxide depends on the way the sili-
con oxide was generated (for this purpose please see Appendix A). Thermally grown sili-
con oxide has the largest breakdown electric field, 1000 V/micron, while LPCVD yields
half the maximum electric field strength. This latter value can be improved if an anneal is
practiced on the deposited film, reaching values a little below the thermal silicon oxide
value. Contrary to the case of the vacuum gaps that handle differentially the potential
drops between the electrodes, the silicon oxide has to resist the sum of the potential drops,
which is the equivalent voltage that is put between the duct (set at ground potential) and
the accelerator. The closest path for electrons is starting from the cathode, to cross the sili-
con oxide thickness, move inside the bulk silicon and then cross again the silicon oxide
film to reach the anode. This way the effective distance that the electrons have to cross is
twice the film thickness. The next figure clarifies the last discussed idea
TOTAL VOLTAGE IS APPLIED BETWEEN THESE POINTS
GROUN EXTRACTOR ACCELERATOR
S102
SILICON
Figure 3.4 Model of the critical breakdown trajectory in the proposed colloid engine.
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For a film that is made half of thermal silicon oxide, half LPCVD-annealed silicon oxide
the breakdown electric field is around 850 V/micron; a 4 micron film makes an effective
length of 8 microns that will resist 4000 V, the potential that is planned to be put between
the needle and the accelerator, with a safety factor of 1.7. More silicon oxide cannot be
deployed due to possible cracks, because the silicon oxide is generated at a different tem-
perature from the actual engine operation temperature.
The electrical insulation of the film and the collateral effects of the microfabrication pro-
cesses in general make it impossible to generate perfectly circular pipes: in this case the
important issue is to develop cross sections that are hydraulically equivalent to a given
diameter. The hydraulic diameter is defined by
DH = 4A (3.25)P
where A is the cross sectional area and P the wetted perimeter (in the case of pressurized
pipes the wetted perimeter is the perimeter of the cross section). The total thickness that
constitutes the silicon oxide film is composed of the silicon thickness that is transformed
into silicon oxide (thermal oxidation) plus the silicon oxide thickness that is directly added
to the duct without causing silicon consumption (silicon oxide deposition). The difference
between the cross section before and after the oxide growth is called extra film thickness
because is the grown material that occupies a place not previously occupied by silicon.
Given the fact that the engine ducts are carved in halves by using an isotropic etching and
a mask of aperture A before receiving an extra film thickness S, the equivalent hydraulic
diameter is given by
[xA + ( x2 + 8[A + 2x]]
DH= 4  26Aix(3.26)
H 28 + A + nx
where x is the etch depth minus the extra film thickness and is the parameter that is to be
solved for given a desired hydraulic diameter. For deposited silicon oxide the total thick-
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ness is equal to the extra film thickness, while for thermal oxide the extra thickness is 0.55
the total oxide thickness. This means that the silicon oxide has a smaller packaging level
than the bulk silicon. In order to have a better understanding of the situation the next fig-
ure should be consulted:
Figure 3.5 Duct cross section with its different components. The Duct is created with a perfectly
isotropic etch.
3.6 Neutralization
There are two ways to achieve neutralization in the colloid engine:
*
-
By operating the engine in a bipolar mode.
By using a hot electrode outside the engine to accomplish neutralization.
There has been some experience with bipolar electrolytes, specially with glycerol doped
with TEAC [Daley, 1973]. The experimental results suggest that a bipolar engine behaves
the same way as a positive droplet engine; there would be some changes to make to a col-
loid engine function in a bipolar mode, specially the polarity reversal of some electrodes
with the consequent electrical insulation issues: bipolar mode might require a thicker sili-
con oxide film to avoid electrical hazard, but in principle it is possible to build a bipolar
colloid engine. Bipolar mode has the added advantage that the neutralization occurs effi-
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ciently and that the colloid engine would not need an external neutralizator that would
consume most of the capacity power supply (the power of a colloid engine is quite small
and unfortunately it is very difficult to produce efficient and durable microcathodes). A
periodic switching of the polarity of the ducts would avoid accumulation of large concen-
trations of the ion that is not extracted from the correspondent duct.
The other option, to use a hot electrode to inject electrons into the droplet stream once the
droplets have left the extractor-accelerator system, is the simplest solution because the
electrons have high mobility and they will reach all charged droplets with efficiency. The
neutralizer circuit will then provide the same current that the jet has, but made of electrons
to keep the spaceship neutral. This option is not efficient because a hot filament radiates
and conducts a lot of power.
3.7 Packaging
One of the core issues with MEM devices is packaging. Many times the device does not
work because in the end of the microfabrication process it is realized that there is no way
to put the device inside an encapsulating shell with the correspondent set of electrodes
and/or material intel/outlet openings. The key issue is to realize the fact that both things,
MEM and packaging, should be designed at the same time in an interactive way. Some
times this is not possible but in any case the proposed microfabrication process should
point towards it. In the case of the first prototype of the microfabricated colloid engine the
number of electrodes was reduced down to two by giving up the possibility to indepen-
dently control each needle: one electrode to extract the charged droplets and one electrode
to accelerate them up to the desired Isp. The ground electrode is provided by grounding
externally the fuel, which is making physical connection with the fuel that is inside the
engine: the voltage drop can be neglected to first order. The other engine interface is the
fuel inlet and the droplet exit area. Therefore, the packaging of the engine, at least in the
first prototype, has been reduced to a protecting system that permits having two electrical
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connections and two material exchange interface boundaries. There is plenty of room for
allocating the two electrodes as well as the material exchange surfaces.
Given the magnitude of the potential that is applied to the colloid engine its operation
must be done in vacuum: if the engine works in a high pressure environment the core fea-
tures of the electrical insulation system, the vacuum gaps, will not work and therefore, the
engine will experience breakdown. The vacuum gap has such a dimension that the engine
breakdown voltage after the first breakdown will substantially decrease: caution is advised
in this respect.
The substance that was chosen to produce the MEM packaging is an elastomer called
PDMS (PolyDiMethylSiloxane). PDMS is a key substance of complementary methods for
microfabrication. Among the advantages that using PDMS has are [Jackman, 2001]:
e PDMS fabrication procedures usually do not involve access to a cleanroom.
. PDMS is a material with quite good chemical resistance properties: some
colloid electrolytes are quite chemically reactive.
. The time it takes from the fabrication concept to the availability of a physical
PDMS-based MEM is around one day: masks design, printing and microfab-
rication are done in this short span of time, compared to the week that it
takes to make a standard set of masks.
- Due to the reduction of costs, the devices that are created by using PDMS
can be disposable.
- PDMS is not optically opaque and this property might be desirable for feed-
back control of the colloid engine (photosensors).
- PDMS molding allows to produce highly anisotropic features because of the
SU-8 photoresist that is used as part of the fabrication process.
* PDMS is compatible with silicon fabrication; furthermore, oxidized PDMS
seals irreversibly to several other materials such as PDMS itself, glass, sili-
con, silicon oxide, quartz, silicon nitride, glassy carbon and oxidized poly-
estirene. The experimental evidence suggests that by oxidizing the PDMS
the oxygen atoms are eager to form bonds with silicon atoms of the other
surface, thus making an excellent mechanical seal, being conformal up to
atomic scale [Duffy, 1998].
* PDMS is moldable, deformable, hydrophobic and a good electrical insulator.
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PDMS MEMs have some problems, such as the high temperature incompatibility and the
minimum feature size that can be achieved: 5 gm with spatial localization within 5 gm
[Kenis, 1999] or 20 gm if high-resolution printers are used [Duffy, 1998]; some dimen-
sional instability issues might arise as well.
The most used technique to process PDMS is molding [Schmidt, 1999]. A thick photore-
sist film (SU-8 is used because this photoresist can reproduce high aspect ratio features;
SU-8 is a negative photoresist but this is not a constraint given the minimum feature size
that is obtainable with a PDMS fabrication procedure) is applied to a wafer and then
exposed to a given mask with the features that are desired; after developing the photoresist
film, the wafer-photoresist system becomes a master mold that can be used many times to
replicate the complementary volume by pouring and curing PDMS. The next figure is a
graphical summary of the fabrication technique:.
photoresistSi " silicon wafer
photolithography or advanced
lithographic technique
Si 1 "master
I cast PDMS (elastomer)
PDMS
Si
remove elastomer from
master
PM elastomeric element
replica molding-4. microtransfer molding
microcontact printing 'dry" patterning
near-field phase shift lithography micromolding in capillaries
microreactor
systems
Figure 3.6 Schematic of the fabrication procedure for PDMS [Jackman, 2001].
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Tubing used to exchange material between an external reservoir and the colloid engine
can be built by using polymeric tubes plasma attached to the PDMS body in a reliable
bonding.
3.8 Concept Engine
The real dimensions of the engine make it impossible to show it in a single picture where
all the important details show up: the ducts are quite long, slender, and the engine has
many micro and macro details. This was the main motivation to develop a concept engine,
an engine that has the same parts that work in the same way, but whose dimensions are all
alike, so a single picture can clearly show the concept that lays behind the fabrication pro-
cedures. The concept engine is used only for explanation and graphic display: it will never
be actually built.
As stated before, the engine contemplates a set of two electrodes to extract and accelerate
the droplets that are extracted from the Taylor cone. This set of electrodes can be used as a
electrostatic lens system that can be used to correct the divergence of the droplets. Even
though the original idea was to apply just enough potential between the needle tip and the
extractor to produce the Taylor cone and the rest of the potential between the extractor and
the accelerator to accelerate them, a more even distribution of the voltage drops might take
place if it is realized that some electrical insulation safety factors get down to a danger-
ously small level.
The main parts of the colloid engine are:
- Fuel reservoir.
- Reservoir-manifold conductive pipes.
e manifolds.
- Ducts.
- Electrodes.
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The concept engine has one fuel reservoir, two manifolds each of which has 5 ducts; the
engine has as ground electrode the fuel reservoir, and special structures for the accelerator
and extractor electrodes. The thrust control is constrained by the minimum voltage to pro-
duce the Taylor cone and from there with the minimum step increment of the electrical
potential; this latter issue is not controlled by the engine but by the power supply. Based
on a lumped capacitance model, the colloid engine by itself introduces a transient around
5 - 10-12 seconds while processing a signal from the electric supply: this is good because
this time delay is smaller than the reaction time of many available power supplies.
As a summary of the ideas exposed in this chapter, the key issues about the microfabrica-
tion process are:
- The engine is carved in halves from two different wafers that are to be joined
in a later step. This procedure needs some extra care in the alignment proce-
dure but it enables the fabrication process to be extended to any electrolyte
regardless of its inherent physical properties.
- The engine uses both vacuum gaps and silicon oxide as electrical insulation.
. Some features that need axisymmetry are etched by using wet isotropic etch-
ing.
. Non critical shape features are obtained with anisotropic etching such as
plasma etching. The critical dimension is the hydraulic diameter of the ducts.
e The extractor-accelerator chamber was designed with a parameterized
geometry in terms of the duct tip diameter, taking into account divergence,
insulation and evaporation issues. This way the whole structure is scaled
from electrolyte to electrolyte by the optimum needle diameter.
e The microfabrication procedure uses contact lithography and positive photo-
resist.
3.8.1 The Engine Mask Sequence
The template masks are made of quartz as substrate with a film of chromium; the features
that appear black in the next figures are the windows of the chromium film; therefore, in
those parts the photoresist is going to be exposed to light when the aligner is used and
because the photoresist is positive, those are the parts that are to be removed in the photo-
resist development. The mask figures that appear in this part of the document have also a
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wafer contour to help to realize the different steps of the process: in reality this feature
does not appear.
Mask #1 is responsible of creating the ducts of the colloid engine. The ducts are made by
using a series of strip-shaped windows with a given minimum feature size. These open-
ings are transferred to the photoresist by using contact photolithography to wafers that
previously had received a film of silicon nitride. The silicon nitride film is needed because
the isotropic etching oxidizes the photoresist and therefore, photoresist cannot be used as
the etching mask. After developing the photoresist the wafer is put into a plasma etching
that removes the silicon nitride in the parts that are free of photoresist; later a chemical
bath is used to remove the exposed silicon in a way that builds rounded features. The next
figure is the concept of Mask #1:
Figure 3.7 Mask # 1 concept: Duct generation.
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From Mask #1 it can be seen that eight engines are made at the same time by processing
two wafers; therefore, from this moment even though the text will refer to the whole
wafer, the figures will show one eighth of it.
After the microfabrication process is complete, the ducts are carved on the wafer surface
in halves. Figure 3.8 is useful to spatially visualize the situation (the wafer is set to be
transparent so it is possible to see through it).
Among the planar views the most important one is the front view where it is possible to
see that the ducts are produced with a certain roundness: Figure 3.9 shows a transparent
wafer that has the duct halves on its top surface.
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Figure 3.8 3 -D view of a wafer after Mask # 1 process has ended.
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Figure 3.9 Front view of a wafer after Mask # 1 process has ended.
Mask # 2 is responsible for generating the cylinders that are going to set the electrodes
concentric with respect to the ducts. These cylinders are also carved in halves as the ducts,
but they are wider and shorter than them (n, the scaling factor of the electrode diameter, is
greater than unity). The microfabrication procedure is similar to the microfabrication pro-
cedure involved in Mask #1 because this feature is also intended to be axisymmetric. It is
important to choose an etching bath whose chemistry is not dependent on agitation in
order to maximize the possibility of reproducibility of the results. Figure 3.10 shows the
Mask # 2 concept.
The features generated by Mask # 1 and Mask # 2 overlap; in the interface some deviating
effect might take place, but the engine design contemplates this: the intersection between
Mask #1 and Mask #2 features will be wiped out by the microfabrication process related
to the vacuum gaps.
Figure 3.11 is a 3-D view of a wafer after Mask # 2 process has finished. In this figure the
wafer is also transparent and this way the electrode cylinder halves are seen like floating,
joined with the duct halves.
Figure 3.12 is the front view of the wafer after Mask#2 fabrication process has finished.
This figure allows to see that the electrode cylinder feature is concentric with the ducts, in
order to apply an axisymmetric electric field.l
Figure 3.13 shows the top view of the wafer processed up to Mask#2.
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Figure 3.10 Mask # 2 concept: electrode cylindrical bed genera-
tion.
Figure 3.11 3-D view of a wafer after Mask # 2 process.
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Figure 3.12 Front view of a wafer after Mask#2 fabrication process is complete.
Figure 3.13 Top view of a wafer after Mask#2 process.
The interfaces between the features generated in the processes related with Mask #1 and
Mask #2 are different from the computational model: they look like hemispheres with
augmented interfaces. The key issue with the top view is to realize that the features are
meant to overlap.
Mask #3 is responsible for creating the manifolds and the pipe system. In the real engine
this fabrication process goes after the Mask #4 process because it turned out that the pho-
toresist behaved better for the Mask #4 case if the previous topography of the wafer was
smoother and shallower: Mask #3 features are 100 micron deep and they mean trouble for
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a 1 micron photoresist. Unfortunately when the pictures of the concept engine were done
the mask order was not changed yet. Mask #3 process uses a film of silicon oxide as the
etching mask and a photoresist as the transfer mask. The sequence is similar to the
sequence with silicon nitride: develop the photoresist, then use a chemical to remove the
silicon oxide mask from the exposed surfaces and then use plasma etching to carve the
manifolds and fuel reservoir-manifold pipes on the top surface of the silicon wafer. Figure
3.14 shows the Mask # 3 concept:
Figure 3.14 Mask # 3 concept: manifold and fuel reservoir-
manifold pipes.
Figure 3.15 shows the front view of a wafer after Mask#3 process is complete. In this fig-
ure the wafer remains transparent in order to appreciate the fact that the manifolds and the
piping system have been carved on the top surface of the silicon wafer.
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Figure 3.15 Front wafer of a wafer after Mask#3 process is complete.
Figure 3.16 is a top view of a wafer afterwards: the key issue about this view is that the
Mask#3 features also overlap with the previous features. Their relative interface has a
sharp profile because the Mask #3 process uses an anisotropic plasma etching to build the
features:
Figure 3.16 Top view of a wafer after Mask#3 fabrication process is
complete.
Fortunately the pipe system is carved at the same time as the manifolds; therefore, no
overlapping is required to assure that these features are connected and constitute a single
bigger feature.
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Figure 3.17 summarizes in a 3-D plot the result of the microfabrication process after
Mask#3 process is finished:
Figure 3.17 3-D view of a wafer after Mask #3 fabrication process is complete.
Mask #4 is concerned with the fabrication procedure to generate the electrode trenches:
given the fact that the wafer is going to be joined together with another one with almost
identical features, the electrodes should be placed below the top surface to avoid being
removed in the bonding process. Therefore, a path carved on the top surface of the silicon
wafer is to be formed to later receive the conductive material that will constitute the elec-
trodes. This electrode trench has to be also created below the surface of the electrode cyl-
inder which is the place where the electrodes are useful. There is a path for the extractor
electrode as well for the accelerator electrode. The electrode trenches are made by using
anisotropic plasma etching with a silicon oxide mask as etching mask and photoresist as
transfer mask: the procedure is identical to the procedure use with Mask # 3. Plasma etch-
ing is used because it is far more controllable than wet etching and there is no need to pro-
duce any roundness on the features. Figure 3.18 illustrate the Mask #4 concept:
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Figure 3.18 Mask # 4 concept: electrode trench generation.
The next figure shows the front view of a transparent wafer after the fabrication related
with Mask#4 is complete. There might be an issue with the fidelity of transfer of the mask
template to the photoresist because the receptive surface is out of focus (contact lithogra-
phy). The electrode beds are seen in this view as concentric rings around the electrode cyl-
inder:
Figure 3.19 Front view of a transparent wafer after Mask#4 process is complete.
Concept Engine 121
Figure 3.20 Top view of a wafer after Mask #4 process is complete.
Figure 3.20 shows a top view of a wafer that has gone through the fabrication process up
to Mask #4 process. The key issue to see here is that the electrode trenches end in rounded
areas that are going to be carved in a later step as electrode endings. Enough space has to
be assigned to these end pads because they have to be reached by either electrode trenches
or by the wire bonder: in the latter case a minimum square region with 500 micron sides
has to be left to receive the ball of welding material.
The next two figures are the summary of the process up to Mask #4 process. Figure 3.21 is
the general 3-D view in the format that has previously used and the Figure 3.22 is a close
up of just the engine, in order to have a better understanding of the geometry that the
microfabrication process has generated.
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Figure 3.21 3-D view of a wafer after Mask#4 fabrication procedure has ended
Figure 3.22 3-D engine close up.
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.The next figure is a cross section of one of the needles where the fact that the electrode
trench reaches below the electrode cylinders is shown:
Figure 3.23 Cross section of a wafer though a duct axis after Mask
#4 process has finished.
Mask#5 is the mask responsible for creating the engine ending and the fuel reservoirs. The
technique is identical to the technique to produce the features related with the two last
masks. There is an extra difficulty in generating the photoresist film with a uniform thick-
ness, but fortunately the silicon oxide is produced conformal by using LPCVD and the
surface that receives the mask template is on the top silicon wafer surface. The other fea-
ture that is generated by using this mask is the engine ending: the idea is to avoid any con-
tact between he droplets in final drift and the engine: this way, given the final divergence
angle of the droplets, the engine should have a large enough aperture to assure that the
droplets are not going to be obstaculized as they exit.
The next figure shows the concept surrounding Mask #5:
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Figure 3.24 Mask #5 concept: Fuel reservoir and engine
ending formation
Figure 3.25 is a 3-D view of a wafer after Mask#5 process is complete. This time the
wafer is not transparent because there are enough features to facilitate the visualization of
the engine from the top. Figure 3.26 is the 3-D close up of the colloid engine where the
engine ending and the fuel reservoir can be seen.
Most of the body of the engine is composed by the manifolds, pipes and the fuel reservoir;
in order to give it enough rigidity. The fuel reservoir has a different depth than the mani-
folds, so as to hold a significant amount of fluid.
Figure 3.37 is the front view of a wafer that has made it through Mask #5 process. The key
issue here is that the engine ending extends in both directions so that the engine avoids
being hit by the droplets (the divergence angle has cylindrical symmetry).
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Figure 3.25 3-D view of a wafer after Mask #5 process is complete.
Figure 3.26 3-D engine close up after Mask # 5 process is complete.
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Figure 3.27 Front view of a wafer after Mask # 5 process is complete.
Figure 3.28 is the top view of the wafer after Mask #5 process is complete. The key
aspects to visualize here are the overlapping of the fuel reservoir with the pipes to become
a larger feature and the fact that the engine ending cuts the electrode cylinders.
Figure 3.28 Top view of a wafer after Mask#5 process is complete.
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The electrode cylinders were made larger than needed to better control the wet etching and
to facilitate the etching species transport to and from the wafer surface.
Up to this point both wafers that make a colloid engine have received the same microfab-
rication procedure. From this point the fabrication symmetry is destroyed: one wafer will
receive Mask#6 process that generates the vacuum gaps and the remaining engine endings
while the other wafer will receive Mask #6' process which apart from those features also
generates the fuel reservoir inlet and the electrode pads: the idea is to generate holes large
enough to allow the use of aluminium pads to receive the wire ball bonds that connect the
engine electrodes with the power supply.
The next figures illustrate the Mask#6 and Mask#6' concepts:
Figure 3.29 Mask # 6 concept: Engine ending and vacuum
gap formation.
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Figure 3.30 Mask#6' concept: engine ending, vacuum
gaps, fuel reservoir inlet and electrode exit formation.
Both Mask#6 and Mask #6' have he same microfabrication procedure, which is the same
carried out with the last three masks: silicon oxide as etching mask and photoresist as tem-
plate transfer mask. The features generated by either of these two masks are meant to go
through the wafer; therefore, a Deep Reaction Ion Etching process (DRIE) has to be used
to achieve this. This microfabrication technique uses a highly anisotropic plasma etch
based on SF 6 that is used to physically destroy the silicon lattice by mometum exchange.
Figures 3.31 and 3.32 are the standard 3-D set of a wafer after the Mask#6 process is com-
plete, and a close up of the colloid engine. The key fact to realize is that the central part of
the wafer, a region that was not structurally used in any engine feature, is gone. The use of
etching to facilitate the subsequent dye sawing is meant to increase the colloid engine
yield:
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Figure 3.31 3-D view of a wafer after Mask#6 process is complete.
Figure 3.32 Close up of a 3-D view of the colloid engine half.
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Figure 3.33 is the top view of a wafer that has received the microfabrication process up to
Mask#6. The vacuum gaps and the engine ending are evident from this figure:
Figure 3.33 Top view of a wafer after Mask #6 process is completed.
Figure 3.34 is a cross section of the wafer through a duct axis. The important feature is
that the vacuum gaps are located between the electrode trenches and the duct tip. As a
matter of fact the duct tip is formed by one of the gaps by removing the interference
between the duct half and the electrode cylinder half: that is why the interference was
included. The shape of the surface between the duct and the electrode cylinder does not
need to be accurately predicted. The engine ending produced during Mask#5 process can
also be seen in front of the remains of the electrode cylinders.
All these steps are meant to generate the cavities that will receive the liquid and the elec-
trodes; a 3-D view of the result in the case of a wafer that had received a microfabrication
process up to Mask#6' is available in Figure 3.35:
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Figure 3.34 Cross section through a duct axis of a wafer after Mask #6 process is complete.
Figure 3.35 3-D view of a wafer after Mask#6' process is complete.
The material that was removed from the silicon wafer after the whole Mask #1 through
Mask #6' process appears in the next figure:
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Figure 3.36 3-D view of the material that was removed from a wafer that received
processes Mas#1 through Mask#6'
The complete engine is made of two wafers that receive process Mask#1 through Mask#6
in one case and Mask#1 through Mask #6' in the other case.
Once the wafers have been processed they are ready to receive the silicon oxide film to
provide electrical insulation, the electrode material and the aluminum pads that are to
receive the wire bonding balls.
The result of the etching processes for a colloid engine with their corresponding removed
volumes in front of them appears in the next figure:
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Figure 3.37 3-D view of the final result of the etching processes with the corresponding volumes
removed. The colloid engine after applying the silicon oxide film and electrode material
is formed by joining together the wafers.
3.9 Microfabrication Alignment and Control
In Appendix A a brief introduction to microfabrication technologies is given in order to
get a feeling for the considerations that have to made done in order to design and build a
microfabrication process for a colloid engine. Apart from that, it is important to point out
that the masks that are designed should overlap features by at least 2 microns, and that
there have to be structures that help the builder to either align or verify the progress of the
microfabrication. One of these helping features is a couple of grids that are meant to
exactly match to another couple of grids put in the Mask #0, created for the purpose of
etching on the silicon surface the different aligning features. This way each mask has its
proper aligning grids (which are lost in each etching process) while having a good align-
ment. Misalignments of about 1 micron are common; if the aligning grids are separated 5
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or 9 centimeters, the angle of misalignment falls between 0.6 and 1.15 10-3 0. The farther
the aligning grids the better, but the maximum separation is set by the actual aligner that is
used (for example the masks that were finally made were designed for an aligner that had
a maximum aperture of 6 centimeters, even though the wafer has a diameter equal to 100
millimeters; on the other hand the colloid engines use most of the available surface).
Other important features are the ones related with the etching of the photoresist: the resist,
once exposed to the mask template in the aligner, is immersed in a chemical bath that
develops the photoresist. Sometimes it is hard to determine if the photoresist is either
over-developed or under-developed: two squares of the same size joined in one corner,
whose adjacent sides are the prolongation of the corresponding square side of the other is
used to determine the photoresist development. The intersection between the squares, a
point-size feature, determines how well the developing process was conducted. To better
understand this concept Figure 3.38 might be helpful:
Figure 3.38 Mask feature to determine
the degree of development of a resist.
The remaining control features that have not been discussed are the features that are used
to tune the wet etching: in the case of isotropic wet etching the idea is to propose a grid
that creates a peak field when the proper etch depth is reached: by optically verifying the
progress of the etching the procedure can be controlled. In plane-dependent etching pro-
cesses the idea is to utilize the pyramid-like holes that are produced (wafers <1 0 0>, see
Appendix A) to determine the etch depth: once the pyramidal holes are produced they do
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not grow any more; therefore, a series of pyramidal holes with different final etch depth
can be used to keep track of the etching process.
Anisotropic plasma etching is not controlled by checking any structure at all: a plasma
etcher can be precisely controlled in time and a sacrificial wafer can be used to check the
actual etch rate of the system in a given time.
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Chapter 4
DETAILED DESIGN OF THE FIRST
PROTOTYPE ENGINE
This chapter extensively explains the first prototype for a microfabricated colloid thruster
based on the modeling explained in the previous chapters. It also includes a microfabrica-
tion recipe that can be used as a guide to duplicate the design with microfabrication
machinery different from the MTL machinery that was used.
4.1 Physical Characteristics
The actual engine is based on the microfabrication procedure explained in Chapter 3. The
equations explained in Chapter 2 were used to design the different features of the colloid
engine. The control wafers (used to characterize each process step) had the following
specification profile:
TABLE 4.1 Control Wafer Profile.
I Characteristic
Substrate Material
Wafer Diameter
Top Surface Orientation Lattice
Doping Species
Grade
Resistivity
Thickness
Value
Silicon
4",
<100>
Boron
Prime Grade
16-33 Q - cm
505-545 gm
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The wafers that were used in the colloid engine have the following profile:
TABLE 4.2 Engine Wafer Profile.
Characteristic Value
Substrate Material Silicon
Wafer Diameter 4"
Top Surface Orientation Lattice <100>
Doping Species Boron
Grade Prime Grade
Resistivity 25.5-42.5
92 -CM
Thickness 505-545 pm
The masks are designed in some CAD tool. The convention is that all features that are to
be mask windows (free of chromium) are defined as closed polylines. In other words, any
surface that is inside a polyline is to be free of chromium. Instead of defining a circle the
CAD file creator must define a polygon with the proper number of sides. The profile for
requesting a mask patterning should include the following items:
- Patterned generated: this specifies the way the mask is going to be patterned.
Patterned generated has the best resolution available and features down to
1 ptm can be accurately transferred from the CAD file to the physical mask.
e Optical Mask: this feature means that the mask is going to be used in photo-
lithographyy. Even though photolithography is by far the most trusted and
used pattern transfer technique, some people design masks to be transferred
by other means.
e Mask size: for 4" wafers the standard mask is a square with any side equal to
5"; for a 6" wafer the standard mask is a square with a side of 7".
- Specify from which side the CAD file was drawn: any mask has two sides
(glass side and chromium side) it is important to specify from which side is
the chromium side being looked at.
- Dark/light field: dark field means that the photoresist that is going to be used
is positive; the other possibility indicates the contrary.
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When generating the CAD files keep in mind that all masks overlap features to some
extent because the goal is to make a large single continuos feature that will receive elec-
trode and propellant materials. In order to shorten the microfabrication exposition just the
key issues of the fabrication process are to be addressed:
1. Mask#O: The wafer is almost completely used in building the colloid
engine: eight engines composed of 11 manifolds with 12 ducts each one (132
ducts per engine). Therefore, the aligning marks have little room; even
though the aligner can set the optical system between 30 and 90 millimeters
apart, the aligning features would reside just between 35 and 40 millimeters
apart from each other, depending on the mask that is used. This is not the
best aligning option, but it gives enough alignment to keep things overlap-
ping the way they should. The aligning grid is composed of 50 gm side
squares separated the same distance from each other. Figure 4.1 shows the
complete Mask#0 and Figure 4.2 shows a close up of the aligning grids:
Figure 4.1 Mask#O.
d
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Figure 4.2 Close-up of the aligning grids in
Mask #0.
2. Mask#1: Mask#1 is responsible of forming the ducts of the colloid engine.
There are 132 ducts per engine. The ducts are about 12500 microns long.
The ducts are spaced 104 gm from each other in a given manifold. In order
to build features that in the end of the fabrication process will act as 8gm
diameter pipes, taking into consideration the generation of a 4 gm silicon
oxide film formed of half thermal silicon oxide and half LPCVD silicon
oxide, a 5.1 gm isotropic wet etch is set. The minimum feature of the whole
engine masks is in Mask#1:the width of the duct generators, equal to 2 gm.
Figure 4.3 is the general view of Mask#1 while Figure 4.4 is a close-up of
Mask#2 in the set of features that generate the ducts for an engine.
3. Mask#2: This mask is responsible of creating the cylinders that will become
the engine electrodes. In order to have a geometry that does not interfere
with the droplets the cylinder diameter should be at least 3.3 times the duct
diameter, which requires 17.5 pm of silicon etching. The mask features that
generate the cylinders have a width equal to 10 gm. Mask #2 and #1 pro-
cesses use silicon nitride as etching mask.Figure 4.5 shows the complete
Mak#2 while Figure 4.6 is a close-up of the features that generated the elec-
trode cylinders.
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Figure 4.3 Mask#1.
Figure 4.4 Close-up of Mask#1 in the part of the features that generate the ducts. The
corresponding aligning grid appears as a reference for the dimension of the features.
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Figure 4.5 Mask#2.
Figure 4.6 Mask#2 close-up of the features that generate the electrode cylinders. The aligning grid is
left to visualize the size of these features.
4. Mask#3: This mask creates the electrode trenches by using an anisotropic
plasma etching. The electrode beds are 5 gm wide which leaves 2 gm
spaces on each side of the silicon strips were the electrodes are placed. There
are two electrodes and each one has two ends that will receive electrode pads
to test their integrity and conductivity. The electrode trenches get 120 pm
close to the aligning features. Inside the silicon bulk the electrode trenches
get 400 pm close to each other. Figure 4.7 is the view of Mask#3; Figure 4.8
is a close-up of one electrode system:
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Figure 4.7 Mask#3.
Figure 4.8 Mask#3 Close-up of an extractor / accelerator electrode system. the aligning grid enables to
estimate the different sizes of the features that appear.
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5. Mask#4: This mask generates the manifolds and the pipes that connect the
fuel reservoir with the manifolds. The etched features are 100 gm deep and
are almost vertical in slope. Figure 4.9 Shows a general view of Mask#4 and
Figure 4.10 shows a close-up of the features that generate the manifolds (the
aligning grid is included to grasp the dimensions of the features).
Figure 4.9 Mask#4.
6. Mask#5: This mask creates the droplet engine exit and the main reservoir.
The features that this mask creates are 200 gm deep and highly anisotropic.
Figure 4.11 is the general view of Mask#5.
7. Mask# 6/6': These two masks are responsible for generating in either engine
half the vacuum gaps, some engine endings, electrode pads and fuel inlet.
The vacuum gap between the extractor strip edge and the needle tip is 20 jim
and the gap between the extractor strip edge and the accelerator needle edge
is 16 gm. Mask #4, #5 and #6/6' use silicon oxide as etching mask. Figure
4.12 is a general view of Mask#6, Figure 4.13 is a close-up of the vacuum
gaps where the aligning grid is show as a help to estimate the size of the
gaps. Figure 4.14 is the general view of Mask6'.
LIV
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Figure 4.10 Mask#4 close-up showing the features
manifolds / pipes of the colloid engine.
appear as a measure reference.
that generate the
The aligning grid
Figure 4.11 Mask#5.
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Figure 4.12 Mask#6.
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Figure 4.13 Mask#6 close-up in the features that generate the vacuum gaps.
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Figure 4.14 Mask 6'.
4.2 Fabrication Procedure for a Formamide Colloidal Engine
The engine is composed of two halves, wafers A and B. Unless otherwise indicated, the
process step is performed on both. In each step there is a control wafer that allows to make
the correspondent characterization of the process.
1. Start with # wafers 4" diameter, p-type, 500 microns thick
2. WAFER THICKNESS REDUCTION
- Grind and polish wafers at outside service. Get 400 im thick wafers.
3. FIRST CLEANING: Clean silicon wafers with RCA standard procedure
e USE Semifab RCA cleaning station [TRL "rca"]
5:1:1 H20-H 20 2 - NH4OH
50:1 H2 0 -HF
6:1:1 H20 - H202 - HCl
e Spin, rinse and blow dry wafers.
0 (hO OCO-7 0
0C) 0
K>' 0 0
0 0/ \0 0
01 0 0
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4. MASK ALIGNING FEATURES FORMATION (features to be used as
aligning marks for later masks):
- Put wafers in HMDS vapor at 150 'C, for 25 minutes [TRL "HMDS"]
e Coat wafers with 1 tm thick positive photoresist. [TRL "coater"]
e Pre-bake wafers at 90 'C for 25 minutes. [TRL "pre-bake"]
- Expose wafers with MASK # 0. [TRL "EV "]
e Develop and rinse wafers. [TRL "photo-wet-l"]
e Inspect under microscope for defects in photoresist procedure. Look at con-
trol marks. [TRL "microscope"]
e Bake wafers at 120 'C, for 25 minutes [TRL "post-bake"]
- RIE plasma etch of the silicon exposed surface (anisotropic etch)
[ICL "AME5000"]
Etch 0.5 Mm
- Strip photoresist by using PIRANHA [TRL "acidhood"]
3:1 H2S0 4 - H202
Immerse for 10 minutes.
- Spin, rinse and blow dry wafers.
e Ash wafers [TRL "asher"]
- Measure depth profile [TRL "dek-NoAu"]
5. DUCT FORMATION:
* Do a pre-metal clean [ICL "premetal"]
- Deposit 0.1 pm of silicon nitride [ICL "tubeA5"]
e Put wafers in HMDS vapor at 150 'C, for 25 minutes [TRL "HMDS"]
e Coat wafers with 1 ym thick positive photoresist. [TRL "coater"]
e Pre-bake wafers at 90 *C for 25 minutes. [TRL "pre-bake"]
e Expose wafers with MASK # 1. [TRL "EV 1"]
- Develop and rinse wafers. [TRL "photo-wet-l"]
e Inspect under microscope for defects in photoresist procedure. Look at con-
trol marks. [TRL "microscope"]
- Bake wafers at 120 *C, for 25 minutes [TRL "post-bake"]
e Plasma etching of the silicon nitride exposed surface [ICL "AME5000"]
Etch 0.1 ym
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- Strip photoresist using asher [ICL "asher"]
e Wet etch of the silicon exposed surface [ICL "acidhood"]
Chemical bath: [HNO 3 - HF - CH 3COOH]
Etch 5.1 pm
e Wet etching to remove silicon nitride [ICL "nitride"]
- Clean wafer by using PIRANHA [ICL "acidhood"]
3:1 H2S0 4 - H202
Immerse for 10 minutes.
. Spin, rinse and blow dry wafers.
e Measure profile depth [ICL "P1O"]
- Use electron microscope to photograph result [ICL "CD-sem"]
6. EXTRACTOR / ACCELERATOR FORMATION
- Do a premetal clean [ICL "premetal"]
e Deposit 0.1 pm of silicon nitride [ICL "TubeA5"]
e Put wafers in HMDS vapor at 150 'C, for 25 minutes [TRL "HMDS"]
- Coat wafers with 1 pm thick positive photoresist. [TRL "coater"]
e Pre-bake wafers at 90 'C for 25 minutes. [TRL "pre-bake"]
e Expose wafers with MASK # 2. [TRL "EV1"]
- Develop and rinse wafers. [TRL "photo-wet-l"]
e Inspect under microscope for defects in photoresist procedure. Look at
marks for control. [TRL "microscope"]
e Bake wafers at 120 *C, for 25 minutes [TRL "post-bake"]
e Plasma etch of the silicon nitride exposed surface [ICL "AME5000"]
e Remove photoresist with asher [ICL "asher"]
e Wet etch of the silicon exposed surface [ICL "acidhood"]
Chemical bath: [HNO 3 -HF- CH 3 COOH]
Etch 17.5 pm
e Wet etch of the remaining nitride [ICL "nitride"]
e Clean wafer by using PIRANHA [ICL "acidhood"]
3:1 H2SO 4 - H2 0 2
Immerse for 10 minutes.
e Spin, rinse and blow dry wafers.
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- Measure depth profile [ICL "P10"]
e Use electron microscope to photograph result [ICL "CD-sem"]
7. CONTACT PATH FORMATION
- Put wafers in HMDS vapor at 150 *C, for 25 minutes [TRL "HMDS"]
e Coat wafers with 3.5 pim thick positive photoresist. [TRL "coater"]
- Pre-bake wafers at 90 'C for 25 minutes. [TRL "pre-bake"]
. Expose wafers with MASK # 3. [TRL "EV 1"]
- Develop and rinse wafers. [TRL "photo-wet-l"]
* Inspect under microscope for defects in photoresist procedure. Look at
marks for control. [TRL "microscope"]
* Bake wafers at 120 *C, for 25 minutes [TRL "post-bake"]
- RIE plasma etch of the silicon exposed surface (anisotropic etch)
[ICL "AME5000"]
Etch 5 pm
e Strip photoresist by using PIRANHA [TRL "acidhood"]
3:1 H2S04 - H 202
Immerse for 10 minutes.
- Spin, rinse and blow dry wafers.
- Ash wafers [TRL "asher"]
- Measure depth profile [TRL "dek-NoAu"]
- Use electron microscope to photograph result [ICL "CD-sem"]
8. SECONDARY RESERVOIRS/ CONDUCTION PIPES FORMATION
- RCA clean
USE Semifab RCA cleaning station [ICL "rca"]
5:1:1 H20 - H2 0 2 - NH40H
50:1 H2 0-HF
6:1:1 H 20-H 202-HCl
- PECVD of silicon dioxide [ICL "conceptl"]
Deposit 1 pim of silicon oxide.
- Densify oxide [TRL "TubeA2"].
- Measure silicon dioxide thickness [ICL "ellipsometer"]
- Put wafers in HMDS vapor at 150 'C, for 25 minutes [TRL "HMDS"]
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e Coat wafers with 1 yim thick positive photoresist. [TRL "coater"]
e Pre-bake wafers at 90 'C for 25 minutes [TRL "pre-bake"]
e Expose wafers with MASK # 4. [TRL "EV1 "]
e Develop and rinse wafers. [TRL "photo-wet-l"]
e Inspect under microscope for defects in photoresist procedure. Look at con-
trol marks.[TRL "microscope"]
e Bake wafers at 120 'C, for 25 minutes [TRL "post-bake"]
e Etch oxide in BOE bath. [TRL "acidhood"]
e DRIE plasma etch of the silicon exposed surface (anisotropic etch)
[TRL "STS1"]
Etch 100 yim
- Strip photoresist by using PIRANHA [TRL "acidhood"]
3:1 H2S0 4 - H202
Immerse for 10 minutes.
. Etch masking oxide in BOE bath.
[TRL "acidhood"]
e Blow dry wafers.
- Measure depth profile [TRL "KSTWyko"]
* Use electron microscope to photograph result [ICL "CD-sem"]
9. PRIMARY RESERVOIRS/ ENGINE ENDING FORMATION
e Perform a pre-metal clean [ICL "pre-metal"]
e PECVD of silicon dioxide [ICL "concept1"]
Deposit 1 im of silicon oxide.
- Densify oxide [TRL "TubeA2"]
e Measure silicon dioxide thickness [ICL "ellipsometer"]
e Put wafers in HMDS vapor at 150 'C, for 25 minutes [TRL "HMDS"]
e Coat wafers with 1 im thick positive photoresist. [TRL "coater"]
e Pre-bake wafers at 90 'C for 25 minutes. [TRL "pre-bake"]
e Expose wafers with MASK # 5. [TRL "EVI"]
* Develop and rinse wafers. [TRL "photo-wet-l"]
- Inspect under microscope for defects in photoresist procedure. Look at con-
trol marks. [TRL "microscope"]
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e Bake wafers at 120 'C, for 25 minutes [TRL "post-bake"]
- Etch oxide in BOE bath. [TRL "acidhood"]
e DRIE plasma etch of the silicon exposed surface (anisotropic etch)
[TRL "stsl"]
Etch 200 ym
- Strip photoresist by using PIRANHA [TRL "acidhood"]
3:1 H2S04 - H2 0 2
Immerse for 10 minutes.
. Etch masking oxide in BOE bath.[TRL "acidhood"]
* Spin, rinse and blow dry wafers.
. Ash wafers [TRL "asher"]
e Measure silicon dioxide thickness [TRL "NanospecTRL"]
e Measure depth profile [TRL "RSTWyko"]
- Use electron microscope to photograph result [ICL "CD-sem"]
10. GAPS/ INLET/ CONTACT HOLES/ ENGINE ENDING FORMA-
TION
- Perform a pre-metal clean [ICL "pre-metal"]
- PECVD of silicon dioxide [ICL "conceptl"]
Deposit 1 ym of silicon oxide.
. Densify oxide [TRL "TubeA2"].
- Measure silicon dioxide thickness [ICL "ellipsometer"]
e Put wafers in HMDS vapor at 150 0C, for 25 minutes [TRL "HMDS"]
- Coat wafers with 1 ym thick positive photoresist. [TRL "coater"]
- Pre-bake wafers at 90 *C for 25 minutes. [TRL "pre-bake"]
- Expose wafers with MASK # 6 (wafer A), 6' (wafer B). [TRL "EV1"]
- Develop and rinse wafers. [TRL "photo-wet-l"]
- Inspect under microscope for defects in photoresist procedure. Look at con-
trol marks. [TRL "microscope"]
- Bake wafers at 120 0C, for 25 minutes [TRL "post-bake"]
e Etch oxide in BOE bath. [TRL "acidhood"]
" DRIE plasma etch of the silicon exposed surface (anisotropic etch) [TRL
"stsl"]
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Etch 400 ytm
- Strip photoresist by using PIRANHA [TRL "acidhood"]
3:1 H2S0 4 - H2 0 2
Immerse for 10 minutes.
. Etch masking oxide in BOE bath [TRL "acidhood"]
e Spin, rinse and blow dry wafers.
e Ash wafers [TRL "asher"]
e Measure depth profile [TRL "RSTWyko"]
e Use electron microscope to photograph result [ICL "CD-sem"]
11. SILICON OXIDE DEPOSITION
- RCA clean
USE Semifab RCA cleaning station [ICL "acid-hood2"]
5:1:1H20 -H 2 0 2 -NH 40H
50:1 H220-HF
6:1:1 H2 0-H 20 2 -HCl
e Wet oxidation, 1100 'C, 8 hours 4 minutes [ICL "TubeA2"]
Grow 2.0 im of silicon oxide.
e Use PECVD to deposit 2.0 tm of silicon oxide in a conformal way.
[ICL "concept 1 "]
e Measure silicon oxide thickness [ICL "ellipsometer"]
- RCA clean
USE Semifab RCA cleaning station [ICL "acid-hood2"]
5:1:1H20-1H202 -NH 4 0H
50:1 H20-HF
6:1:1 H 20-H 2 0 2 -HCl
e Anneal wafers (1000 C) for 1 hour. [TRL "TubeA2"]
12. POLYSILICON DEPOSITION
e LPCVD polysilicon.
Deposit 5.5 im. [TRL "lpcvd"]
- Measure polysilicon film thickness [TRL "ellipsometer"]
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13. POLYSILICON DOPING/ACTIVATION
e Dope with boron, dose 5. 10 15 /cm 2 , 40 KeV at outside service.
e Piranha clean [TRL "acid-hood"]
e Drive -in doping species [TRL "TubeB2"]
14. CONTACT PATTERN.
. Put wafers in HMDS vapor at 150 'C, for 25 minutes [TRL "HMDS"]
* Coat wafers with 8 im thick positive photoresist. [TRL "coater"]
- Pre-bake wafers at 90 *C for 25 minutes. [TRL "pre-bake"]
- Expose wafers with MASK # 3. [TRL "EV1"]
e Reversal bake [TRL "post-bake"]
- UV flood exposure [TRL "EV 1"]
- Develop and rinse wafers. [TRL "photo-wet-I"]
e Inspect under microscope for defects in photoresist procedure. Look at
marks for control. [TRL "microscope"]
* Bake wafers at 120 *C, for 25 minutes [TRL "post-bake"]
- Plasma etch of the silicon exposed surface [ICL "AME5000"]
Etch 5.5 im
. Strip photoresist by using PIRANHA [ICL "acidhood"]
3:1 H2S04 - H20 2
Immerse for 10 minutes.
e Spin, rinse and blow dry wafers.
* Ash wafers [ICL "asher"]
e Use electron microscope to photograph result [ICL "CD-sem"]
15. WAFER FUSION BONDING
e RCA clean
USE Semifab RCA cleaning station [ICL "rca"]
5:1:1H2 0 -H 2 0 2 -NH 4 0H
50:1 H220-HF
6:1:1 H2 0-H 20 2 -HCl
e Polish wafer surfaces [ICL "CMP"]
e Piranha clean [ICL "acidhood"]
* Pre-metal clean [ICL "pre-metal"]
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e Join the two halves by applying 1000 C, pressure, until done (fusion bond-
ing). [ICL "evalinger", ICL "evabonder", ICL "TubeA3"]
16. ALUMINUM PAD GENERATION
- Use shadow masks, made by using bare wafers, 100 tm thick and a film of 1
ytm of silicon oxide, that were exposed to only MASK # 6:
- Put wafers in HMDS vapors at 150 'C, for 25 minutes [TRL "HMDS"]
- Coat wafers with 1 im thick positive photoresist. [TRL "coater"]
- Pre-bake wafers at 90 'C for 25 minutes. [TRL "pre-bake"]
- Expose wafers with MASK # 6. [TRL "EVl"]
- Develop and rinse wafers. [TRL "photo-wet-l"]
- Inspect under microscope for defects in photoresist procedure.
Look at control marks. [TRL "microscope"]
- Bake wafers at 120 'C, for 25 minutes [TRL "post-bake"]
- Etch oxide in BOE bath. [TRL "acidhood"]
- DRIE plasma etch of the silicon exposed surface (anisotropic etch)
[TRL "stsl"] Etch 100 Im
- Strip photoresist by using PIRANHA [TRL "acidhood"]
3:1 H 2S0 4 - H202
Immerse for 10 minutes.
- Etch masking oxide in BOE bath [TRL "acidhood"]
- Spin, rinse and blow dry wafers.
- Ash wafers [TRL "asher"]
" Evaporation deposition of Aluminum on the wafers, each one covered with a
shadow mask
[TRL "e-beam"]
Deposit 1 Im
. Inspect under microscope the result of the step [TRL "microscope"]
- Use electron microscope to photograph result [ICL "CD-sem"]
17. DIE CUTTING [ICL]
e Extract engines from wafer [ICL "die saw"]
18. PACKAGING FORMATION [EML]
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e Fabricate master with MASK # 7 (this mask was printed using a high resolu-
tion printer while bonding this copy to a glass sheet):
- RCA clean of a new silicon wafer:
USE Semifab RCA cleaning station [TRL "rca"]
5:1:1 H2 0-H 2 0 2 -NH 4 0H
50:1 H20 - HF
6:1:1 H20-H 2 0 2 -HCl
- Dehydrate wafer on hotplate at 200 'C, for 20 minutes
- Coat wafers with 200 pm thick SU-8 resist.
Start at 500 rpm for 10 seconds then increase to 3000 rpm for 20 seconds.
- Pre-bake wafers at 105 *C for 15 minutes.
- Expose wafers with MASK # 7 (2 minutes).
- Develop and rinse wafers.
- Inspect under microscope for defects in photoresist procedure.
Look at control marks.
- Bake wafers at 105 *C, for 15 minutes
- Place wafer in vacuum desiccator for 2 hours with silanizing agent.
- Mix PDMS pre-polymer components (10:1) and degas under vacuum
e Place glass post to define tubing location.
- Pour pre-polymer over master wafer in petri dish.
. Cure PDMS in oven at 65 *C for 1 hour.
- Remove PDMS part from master, remove glass post.
19. PACKAGING JOINING/WIRING:
- Clean engine with heptane.
- Clean both engine and PDMS part with ethanol.
- Put engine and PDMS part in asher and treat with air plasma for 30 seconds.
- Place engine and PDMS in contact.
e Insert tubing and secure with epoxy
- Wire engine to package [EML "goldbonder"]
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Figure 4.15 shows a top view of a cross-section the extractor-accelerator system. Among
the most important features of this figure we have: the distance between ducts is 104
microns; an eight-microns diameter duct is in front of the two electrodes; vacuum gaps are
about 16 micron wide; the electrodes are at least 2 microns far from the closest gap bound-
ary.
Figure 4.16 is a top view of one of the engine halves.The features that are highligthed in
this figure are:
A- Main Reservoir.
B- Fuel Inlet.
C- Secondary Pipes.
D- Manifold/Duct Complex (Each box represents a manifold with a given number of
ducts; the 'ducts' are rather capillaries, but they were nicknamed to avoid confusion).
Figure 4.17 is a 3-D view of the concept engine due to the relative sizes of the features that
compose the real engine. There are a number of features to point out.
I. Half Engine (MASK# 0 through MASK#6)
II. Half Engine (MASK# 0 through MASK#6')
A- Main Reservoir
B- Fuel Inlet
C- Secondary Pipe
D- Manifold
E- Duct
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Figure 4.15 Top view of a cross-section of a typical extractor-accelerator
chamber.
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Figure 4.16 Real feature scale colloid engine with some key features high-
ligthed.
F- Electrode
G- Cut to avoid accelerated droplets hit the engine body
Between the duct and the extractor electrode, as well as between the extractor electrode
and the accelerator electrode, are gaps that cross through the wafer to give electrical insu-
lation to the engine core.
.... .
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Figure 4.17 3-D schematic of the colloid engine concept halves with some key features
highligthed.
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Chapter 5
EXPERIMENTAL RESULTS
The practical work related to the colloid engine consisted of the time spent learning to use
the different microfabrication machines and tuning the microfabrication processes related
to Mask#O, Mask#1 and Mask#2. Any microfabrication machine is closely related with
the recipe it uses to develop a given process: therefore, one has to learn to use each
machine regardless of the previous knowledge in microfabrication machinery; this also
implies that the tuning description should be qualitative because the particular set of
parameters that define the process carried out in the machine is not common to any other
machine even with similar profiles. The results are summarized as a series of pictures that
show the result of a given process. Some of the pictures where taken with an optical
microscope attached to a video camera while the other pictures where taken by using an
electronic microscope which includes a film system. The pictures taken with the electronic
microscope have a ruler that allows one to determine the different sizes of the features that
appear there.
5.1 Mask#O Results
The fabrication steps related with this mask that appear in Chapter 4 were found to be
accurate to produce de desired feature: anisotropic holes in bulk silicon 0.5 microns deep.
For this purpose CC14 was used as etching gas. An etch rate for silicon of 77 Angstroms/
sec. and for resist of 58 Angstroms/sec. was obtained with the recipe. The result was the
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generation of the aligning grids for later masks. Figure 5.1 is an electronic microscope pic-
ture of a typical aligning grid:
Figure 5.1 General view of a typical aligning grid produced
by using Mask#O.
It is also possible to see the features used to test the development degree of the resist. The
large shadowed rectangle that appears aligned with the margins of the picture is not a
microfabricated feature but the result of years of usage of the electronic microscope.
Mask#O also produces the distinctive marks of the laboratory that is building the colloid
engine (former Space Power and Propulsion Laboratory, SPPL, currently Space Propul-
sion Laboratory SPL) and the last name of the student that is working day and night to
make the colloid engine a reality. These features appear in Figure 5.2.
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Figure 5.2 Distinctive marks of the laboratory
on the colloid engine surface.
Figure 5.3 is a close up of the aligning grid.
Figure 5.4 is a graph of the depth-profile obtained with the microfabrication process, spe-
cifically one of the holes that conform the aligning grid. The depth target was 5000 ang-
stroms and the achieved depth was 4760 Angstroms. The complementary sidewall slope is
smaller than one part in a thousand.
The high degree of accuracy in the transferring process is due to the good sensitivity of the
resist. Figure 5.5 shows a graph of the 1 micron thick resist profile after being developed
to transfer Mask#0. It can be seen that the complementary sidewall slope is smaller than
7.5 parts in 1000.
As a summary of the tuning of Mask#0 process there was no major struggle in setting the
machinery to achieve the desired features, in part because there was no background topog-
raphy to make it hard to transfer the mask and because the feature depth was not large.
163Mask#0 Results
EXPERIMENTAL RESULTS
Figure 5.3 Close up of an aligning grid.
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Figure 5.4 Depth profile of one of the grid Components.
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Figure 5.5 Depth profile of the resist film.
5.2 Mask#2 Results
The wet etch tuning started with Mask#2 instead of Mask#1 because the feature depth
related with Mask#2 is larger than the one related with Mask#1. The etch mask in Mask#2
has wider openings and therefore it is substantially more robust to non-uniformities
related to gas phase by-product formation. The first attempt was to use a 50:40: 10 mixture
of acetic acid, hydrofluoric acid and nitric acid (proportions by volume). The etching
mask was positive resist. The result was the peeling of the mask while transferring the
template to the substrate inaccurately. Figure 5.6 shows the oxidation of the resist film due
to the wet etching: the wet etching basically oxidizes silicon to later dissolve it with
hydrofluoric acid. The positive resist used at MTL can not endure this wet etching bath.
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Figure 5.6 View of the resist surface after the wet etch was
complete.
The etching mask was changed to silicon nitride. A test wafer was put inside the same
etching bath. The wafer was placed normal to the free surface of the bath; therefore a
hydrostatic pressure gradient on the wafer surface was present. The result was that the etch
rate deep into the substrate was constant, but the etch rate laterally varied with the distance
of the surface from the free surface of the bath. A gradient of width can be seen in depth
larger than the depth of the center of the wafer (Figures 5.7, 5.8 and 5.9). The part of the
wafer that was near the surface developed the electrode cylinders in the expected way
(Figure 5.7). One can see the spherical-like features at the ends, typical of a completely
isotropic cut. It is important to point out that in Figures 5.7 through 5.9 the wafer still has
the etching mask: it is seen in a color version as pink in the bulk substrate and as violet in
the portions where the silicon was removed. The etching apertures are still visible like
rectangles floating on top of the electrode cylinder halves.
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Figure 5.7 Electrode cylinders generated on the closest portion of the
wafer to the free surface of the etching bath.
Figure 5.8 Electrode cylinders generated by wet etching on the wafer
surface portion that was at the same depth inside the wet etch
as the center of the wafer (right side)
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Figure 5.9 Electrode cylinders generated by wet etching on the wafer
surface portion that was at the same depth inside the wet etch
as the center of the wafer (left side). The channels are about
850 microns long.
The author believes that the width gradient is related to the evacuation of gas-phase by-
products: the pressure gradient makes it easier to evacuate the gas-phase by-products
(buoyancy) and therefore a faster lateral etch rate is achieved. The uniformity was assured
by placing the wafer parallel to the free surface of the etch bath. No surfactant was needed
to be added to the etching mixture to facilitate the by-product transport.
Figure 5.10 is a tilted view of the final tuning of the microfabrication process. Figure 5.11
is a close-up of the cross-section of one of the electrode cylinders halves. We can see a
narrow path on the deepest part of the section (the image of the etching aperture) while the
sidewalls have high curvature and an acceptable uniformity.
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Figure 5.10 Electrode cylinders generated by wet etching on the deep-
est wafer surface portion.
In summary, the proposed microfabrication process to generate the electrode cylinders
should not be further changed to achieve the formation of the electrode cylinders the way
they are desired.
5.3 Mask#1 Results
Based on the experience with the fabrication process related with Mask#2 it was decided
to use some other etching instead of the acetic-nitric-hydrofluoric mix to produce the
ducts with good spatial and batch unifomity. The first variant of the process was to use
TMAH, a wet etching process that does not require mandatorily silicon nitride as etching
mask. TMAH runs at 80 Celsius degrees by using a temperature control system. TMAH
has the extra advantage that the chemical mixture is prepared by a commercial laboratory;
therefore, there is small uncertainty about the reproducibility of the different proportions
implied in creating the chemical bath. Unfortunately the result was not related to the goal
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Figure 5.11 General view of one of the electrode cyl-
inders after the microfabrication pro-
cess related with Mask#2 is complete.
of producing smooth duct halves. Figure 5.13 is a 45 degree tilted picture of a wafer cut
where one of the ducts created by using TMAH can be seen. There is some undercut (the
etching mask was 2 microns wide) but the degree of isotropy is not large enough to create
the ducts. TMAH has an etch rate around 20 microns per hour.
The final strategy involved using an isotropic plasma etching to created the duct halves:
plasma etching has excellent uniformity and if the process could be set in such a way to
make it robust while having high isotropy, plasma etching would be unbeatable in produc-
ing the duct halves. The duct halves are the critical etching step because a rather small
change in the cross section of the feature produced can change substantially the hydraulic
diameter of the pipe and the engine might not work at all. The plasma etching would have
a resist film to transfer the template to the 1 micron silicon oxide film that will be used as
etching mask. One advantage of using silicon oxide masks is that it is far faster to produce
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Figure 5.12 Tilted Close up of the cross -section a typical elec-
trode cylinder half produced with Mask#2.
Figure 5.13 Cross section of a duct created with TMAH
while using Mask#1.
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and remove from the substrate once it has been used. The silicon oxide film was etched by
using a standard LTO plasma etching (Low Temperature Oxide) based on CCl4 and SF 6 -
The best result was obtained with the plasma etching recipe that is used to anisotropically
etch silicon nitride. This plasma uses SF 6 as the working gas. The key issues to tune the
etching process were to assure a better mixing and surface transport of the plasma from
and to the wafer surface (this is accomplished by increasing the magnetic field inside the
plasma chamber), to decrease the power of the plasma to avoid burning the resist mask
and to make the machine work in a saturation mode: that is to make the etch advance
faster laterally than deeper into the substrate. The cross section of the ducts is not an ellip-
soid as modeled in previous chapters, but a trapezoid with a major base equal to 18
microns, a minor base equal to 10 microns and a depth equal to 6 microns.
Figure 5.14 is a 45 degrees tilted picture of a set of duct halves produced by the tuned pro-
cess; Figure 5.15 is a close up of the cross section of one of these duct halves. It looks
deeper than it is because the sample is tilted and the cut was done by producing a cleavage
fault instead of using the die saw.
Figure 5.16 is a tilted view of the end of one of the duct halves. The sidewalls of the cross
section of the duct half can be seen. The side walls are smooth and uniform as intended
and the etch has a non-zero anisotropy.
Figure 5.17 shows the aligning grid of mask1 after the plasma etching is complete. In this
picture it can be noticed more easily than in the previous pictures that the sidewalls are
curved because of the isotropic cut. Despite this, the corners of the features are rather
sharp. This denotes a certain anisotropy in the cut.
Figure 5.18 is a close up of one of the holes that conform the aligning grid where it can be
seen that the corners of the holes formed the characteristic spikes that are made when iso-
tropic etching fronts meet together from different locations.
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Figure 5.14 Tilted picture of a set of duct halves produced
by the final microfabrication process related
with Mask#1
An estimate of the final cross section of the ducts after the silicon oxide generation was
made based on the profile measured in the laboratory. The hydraulic diameter of the ducts
is 10 microns, a duct diameter that is acceptable to generate a colloid engine with electri-
cal duct activation.
For a fixed geometry the flowrate is a linear function of the pressure drop: with the length-
to-diameter ratio that is used and the liquid that is moved through the ducts, the change in
the hydraulic diameter from 8 microns to 10 microns or less does not interfere with the
designed mode of operation.
Figure 5.19 shows an schematic of the cross-section that is generated in the fabrication
process with the forecast of the duct cross-section once the wafers are completely pro-
cessed and joined. This ideal cross section is based on a survey of 20 different cross sec-
tion points in six different wafers. The uniformity of the etch was in this way verified up to
acceptable levels.
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Figure 5.15 Close up of the cross-section of a duct half.
Figure 5.16 Tilted view of an ending of a duct half.
Mask#1 Results 175
Figure 5.17 Aligning grid after Mask#1 process.
The corrected fabrication process is:
DUCT FORMATION:
- Do a pre-metal clean [ICL "premetal"]
e Deposit 1 gm of silicon oxide [ICL "conceptl"]
* Anneal the wafers 1 hour at 1000 Celsius degrees [TRL "Tube A2]
- Put wafers in HMDS vapor at 150 'C, for 25 minutes [TRL "HMDS"]
e Coat wafers with 1 pim thick positive photoresist. [TRL "coater"]
- Pre-bake wafers at 90 *C for 25 minutes. [TRL "pre-bake"]
* Expose wafers with MASK # 1. [TRL "EV"]
* Develop and rinse wafers. [TRL "photo-wet-l"]
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Figure 5.18 Close up of the aligning grid after the microfabri-
cation process that produces the ducts.
Figure 5.19 Expected final cross-section of the
ducts after the microfabrication is
complete.
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e Inspect under microscope for defects in photoresist procedure. Look at con-
trol marks. [TRL "microscope"]
e Bake wafers at 120 'C, for 25 minutes [TRL "post-bake"]
- Plasma etching of the silicon oxide exposed surface [ICL "AME5000"]
Etch 1 Im, anisotropic
* Plasma etching of the silicon exposed surface [ICL "AME5000"]
Use STD silicon nitride recipe, a series of four times 136.5 seconds of
plasma etching separated by 120 seconds of gas flow without plasma etch-
ing.
Etch 6 pm
- Use piranha bath to remove the remaining resist [ICL "premetal"]
3:1 H2SO 4 - H202
Immerse for 10 minutes.
- BOE etching to remove silicon oxide [ICL "oxide"]
e Spin, rinse and blow dry wafers.
e Measure profile depth [ICL "P10"]
" Use electron microscope to photograph result [ICL "CD-sem"]
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Chapter 6
CONCLUSIONS AND
RECOMMENDATIONS
The microfabrication process is not complete: four masks must still be tuned to achieve
the colloid engine fabrication. Of the remaining masks the most crucial is Mask#3 which
involves the creation of the trenches that will receive the electrode material in a later step.
The difficulty arises because it is needed to transfer the template to a surface with steep
topography: the other remaining masks have deep etchings but all of them start from a flat
portion of the top surface; furthermore, the etching mask is composed of a layer of resist
and a layer of silicon oxide. The minimum feature size of the features created with these
masks is such that one can use thick resist to assure step covering on all the wafer. If
Mask#3 is found not to work the way that is proposed in the fabrication procedure of
Chapter 5, the next option is using porous silicon. Porous silicon is highly effective silicon
with cracks that can be deposited by a standard procedure. This film has far higher etch
rates that the other classes of silicon that can be generated with microfabrication. The idea
would be to deposit a field film of porous silicon to smooth the topography of the wafer,
then to etch the template obtained from Mask#3 down to a point where the substrate has
been reached to the design depth. A later porous silicon removal is then practiced to com-
plete the procedure.
The other critical step in the fabrication is going to be the bonding process: there might be
an issue with matching the features carved on the wafers because the wafers in the end do
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not have all the original area and the curvature of the wafer might not transmit the com-
pression force as desired.
In terms of fabrication it is mandatory to design a better colloid engine: the microfabrica-
tion allows a denser duct formation, larger engines and farther aligning marks. The next
engine would probably be made of silicon oxide wafers to get rid of the breakdown limita-
tions of the actual engine: this would force re-tuning of most of the masks but fortunately
the chemistry of silicon oxide is well known and therefore, it should not imply a hard task.
A combination between building the ducts along the surface (to give large hydraulic
impedance and to allow use any propellant) and building the emitters across the wafer
thickness (to eliminate the gap formation), the best features of the two previous designs,
might be tried to find out if that scheme would be an improvement. The engine would be
composed of three different wafers: the bottom wafer would have all the hydraulic fea-
tures, getting rid of re-tuning the reservoir, pipes, ducts and manifolds processes in silicon
oxide; the middle wafer would have the emitter tips and the extractor electrodes; the top
wafer would have the accelerator grids and the engine endings to avoid the engine make
contact with the exiting jets. The colloid engine would occupy half the wafer or even the
whole wafer in order to maximize the number of emitters per unit of surface. With this
scheme the problems derived from misalignments would be substantially diminished: the
ducts would end in an expansion that would match the beginning of the emitter duct
(which is also expanded): this way a large misalignment will not imply the loss of an emit-
ter. The hydraulic diameter and the emitter diameter would be decoupled thus giving to the
designer more freedom. The emitter tips and the electrodes would be truly circular thus
getting closer to the reduced order modeling that supports the engine. The fabrication pro-
cess can be tuned to easily produce sharp-lip emitter tips to avoid wetting problems. Fig-
ure 6.1 is useful to better understand the proposed next generation engine.
If a less radical change is explored, that is to conserve the half-feature-fabrication process,
in order to assure a better uniformity and similarity the mask templates should be done in
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a way to produce both halves of a given engine on the same wafer: the wafer is then
divided and bonded.
ACCE LERATOR
ELE CTRODE
EMITTER DUCCT
EXPANDED EMIT
Figure 6.1 Next generation colloid engine.
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An important trend for future research is the choice of propellant. The actual constrains in
the maximum bias voltage that can be applied to the engine because of the breakdown
hazard in either the vacuum gaps or the bulk silicon oxide sets the maximum Isp that can
be achieved by one of these engines while using formamide at around 500 sec. It might be
the case that the mission requires some higher Isp thus making formamide not attractive as
a propellant option. Fortunately, as was stated before in this document, the proposed
engine concept design is quite robust and allows practically all kinds of liquid propellants.
It is possible to set the length-to-diameter ratio to fit the requirements for a given ionic liq-
uid, a substance that most closely fits the ideal profile for a colloidal propellant, which are:
- Very small volatility, which implies vapor pressures below 0.02 torr at room
temperature.
. Viscosities below 5 cP.
e Electrical conductivities above 15 S/m
Ionic liquids are salts formed with relatively large organic cations (+) and anions (-),
which remain liquid at temperatures near room temperature. Since the last few years it is
possible to obtain in the market room-temperature ionic liquids, which have remarkable
properties, among them [Freemantle, 2000]:
- Ionic liquids have not detectable vapor pressure; this eliminates the issue of
the propellant leakage due to the harsh conditions of space.
- Ionic liquids are non-explosive, non-oxidizing and they have a rather large
range of temperature where they remain liquid (approximately from -40 tO
200 Celsius degrees). These remarkable properties make them a better
option than formamide and some other liquids that tend to be quite reactive
and create an engine integrity issue.
- Ionic liquids are inherently ionically conductive: this is an important issue
because they do not need to receive any amount of doping salts in order to
increase their electric conductivity up to acceptable levels. This implies that
the clogging hazard in the conduction pipes is non-existent if a ionic liquid is
used as propellant. Ionic liquids might need to be heated up in order to
achieve high electrical conductivity without implying the possibility of
decomposing the propellant.
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The ionic liquid that exhibits the most remarkable properties in terms of the ideal profile
for a colloid engine is 1-ethyl-3 methylimidazolium Tetrafluoroborate (EMI-BF4). This
ionic liquid has (C6 H 1N2)BF 4 as its reduced chemical formula and the imidazolium ion
is composed of 36.4% of carbon, 56% of hydrogen and 14.15% of nitrogen (percentages
per weight). The specific gravity of EMI-BF4 is 1.24. The EMI ion is shown in the next
graphic:
H
II
C
H H H
H-C-N N-C-N-H
H C C H
Figure 6.2 Imidazolium ion, part of the
EMI-BF4 molecule.
This substance is ideal for applications were high conductivity and low vapor pressure are
required, and is stable to temperatures up to 400 degrees Celsius. The kinematic viscosity
and electrical conductivity of EMI-BF4 is described by Fuller [Fuller, 1997]. The actual
values are promising in order to increase the specific charge of the droplets. As stated
before, the ionic liquids have a positive slope between conductivity and temperature: the
more the liquid is heated, the more conductive it becomes. The next two graphs were elab-
orated from the information available in the reference:
Figure 6.3 is a graph of the electrical conductivity versus temperature for EMI-BF4; the
'o' measurements correspond to 60 Hz electrical signals while the '*' measurements cor-
respond to 1000 Hz electrical signals. Even though there is a frequency dependence of the
electrical conductivity, the trend is as described before. For temperatures above 60 degrees
Celsius the ionic liquid shows conductivities above 2.6 Si/m, up to 4.5 Si/m at 100
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Figure 6.3 Electrical conductivity versus temperature for EMI-BF4.
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Figure 6.4 kinematic viscosity versus temperature for EMIBF4
degrees Celsius. Such high electrical conductivity values are hard if not impossible to get
for electrolytes that are doped, even up to saturation levels. Therefore, this experimental
information highlights the potentially spectacular performance of ionic liquids on colloid
propulsion. Figure 6.4 is a graph of the kinematic viscosity versus temperature for EMI-
BF4.
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Fortunately the cost factor is no longer a constraint in dealing with these liquids. Recent
quotes give a price around 150 dollars for three cubic centimeters, a price that is quite
small compared to the 1000 dollars for the same amount that was charged five years ago.
Another issue for improvement is to create lips at the tip of the ducts: the engine design
contemplates the creation of needle tips with 90 degrees of inclination with respect to the
bulk material. Even though this condition is not bad, a structure that can assure non wet-
ting of the liquid would be preferred. The way to build it might involve using a mask to
selectively dope the wafer with positive acceptor species, such as boron, and then to use a
wet etching whose etching rate is doping level dependant: the new doping species, once a
driven-in process is carried out, creates a certain profile with a certain junction depth
(Appendix A). The region with higher than background doping concentration would be a
volume with a bell-like surface as the boundary: once the wet etching has been used, the
bell shape will remain producing the needle lip. In order to better understand the proposed
procedure the Figure 6.5 might be helpful.
The other possibility is to set the stagnation pressure in the reservoir in such a way to form
a less pronounced meniscus and thus avoid wetting surfaces. In any case the electrical
pressure should be large enough to start the flow. The wettability of the various substrate-
fluid combinations should be measured in separate laboratory tests.
It is also important to operationally test as much as possible of the engine profile. Among
such features the hydraulic diameter of the ducts (by using some inert gas) and the current
carried by a set of ducts are the most important and easier to measure. SPL does not have a
thrust balance to measure the small amount of thrust that the colloid engine can produce,
but the measurements could be done using Busek's microbalance.
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Figure 6.5 Sketch of the proposed microfabrication
procedure to generate lip-like structures in
the needle tips.
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Appendix A
A BRIEF INTRODUCTION TO
MICROFABRICATION TECHNIQUES
A.1 Introduction
In order to better understand this document it would be helpful to know the basics of
microfabrication. This brief introduction to microfabrication techniques is based on refer-
ence material that is used in formal microfabrication courses at MIT [Kimmerling, 2000],
[Schmidt, 2000], [Campbell, 1996].
A microfabrication process acts on a substrate material called wafer and it is composed of
a set of cycles that usually include the following list of tasks:
e Start with a substrate material.
e Add-remove material.
e Characterize the procedure.
e Repeat it until done
Among the adding material-procedures the following list shows the most commonly used:
- Chemical Vapor Deposition (CVD).
. Doping/diffusion.
e Ion implantation.
- Oxidation.
e Metallization.
On the other hand the two most common removing procedures are:
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e Wet etching.
e Plasma etching.
A wafer is a slice of highly purified silicon with some background doping species to
change the electrical resistivity of the material. If the doping species are Class V, that is
with one more electron in the outer shell than the atom lattice as in the case of arsenic, the
doping species are called "donors" and they provide electrons for conduction. If the dop-
ing species are Class III, which means that the doping atoms have one electron less in the
outer shell, as in the case of boron, the doping species are named "acceptors" and they pro-
vide holes for conduction.
A.2 Miller Indexes
The Miller indexes are used to completely specify a lattice plane. This is useful in some
microfabrication techniques that are plane-orientation sensitive such as ion implantation
(tunneling) and anisotropic wet etching. The index is composed of three numbers. Each
number is the inverse of the intercept with the correspondent coordinate axis (the axes are
defined as the principal directions of the unitary cell), multiplied by a certain value to
make all three numbers integer. In other words if the plane intercepts the x-axis at a, the y-
axis at b and the z-axis at c, the Miller index is <A/a A/b A/c> where A is a number that
makes all three coefficients integers.
The directions are specified by three numbers that are the dot products of the direction
vector with the axis of the reference system; these numbers are also multiplied by a certain
value to make them all integer. Instead of <q w r> is used [q w r].
A.3 Silicon
Silicon is the most used microfabrication material. Its inherent physical and chemical
properties related to its products make silicon the best option in many applications. Silicon
has a diamond structure where any silicon atom has four adjacent atoms to interact with.
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The melting point of silicon is 1420 'C and its expansion coefficient is quite low:
2.6 - 10-6 K- . Silicon has a specific gravity of 2.33, a breakdown electric field of
0.3. 106V/cm and a thermal diffusivity equal to 0.9cm2/sec .The <111> plane has the
least crossing bond density, the largest atomic density, the slowest growth rate and etch
rate. <111> is the failure plane by default. Silicon expands 9% when it solidifies.
A single silicon crystal is formed by cooling a molten material inside a crucible. The ther-
mal gradient is controlled in order to avoid generating dislocations or melt the already
solidified silicon. Once a silicon crystal is grown it is sliced into small discs called wafers.
These wafers are polished up to a given thickness (usually around 500 microns) and their
plane orientation is marked by flat cuts in the perimeter of the wafer: in the case of the
wafer <100> the plane <110> is denoted by a flat cut that usually is within 10 from the
true <110> plane.
Silicon lattices have a number density of silicon atoms Nsi equal to 5 - 1022 atoms/cm 3
The vaporization enthalpy of a silicon lattice is 2.5 eV
A.4 Defects in a Lattice
The defects in a lattice are responsible for many of the electrical and structural behavior of
the silicon substrate. Some of them are thermodynamical equilibrium species while the
others are not, and therefore they can be avoided. If non-thermodynamical equilibrium
defects are generated they can produce several effects such as:
e Generate electronic states in the quantum electronic bands that decrease the
effective gap between the valence and the conduction bands, reducing the
electrical insulation capacity of the lattice.
e Recombination centers are formed.
. Grown films such as thermally grown silicon oxide can vary substantially in
their thickness and present non-uniformities.
- Threshold voltages of solid state effects can vary.
e Stresses related with the boundary conditions can appear.
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A lattice can have three types of defects:
e Point defects.
- Planar defects.
- 3-D defects.
A.4.1 Point Defects
The point defects are classified into Vacancies (spaces in the atomic lattice), Interstices
(the existence of particles inside the voids that are between the equilibrium positions of
the lattice) and Substitutions (to place atoms of a different material into some of the equi-
librium positions of the substrate lattice).
In the case of the vacancies, the free energy that is in the each internal lattice spot is the
energy that would be invested in creating a hole minus the cost of arranging the lattice
AG = AHV - TAS (A.1)
where AG is known as the Gibbs free energy, AHV is the energy that is invested in form-
ing a hole in the lattice, which is about the vaporization energy, and TAS is the energy
required to arrange the lattice: T is the lattice temperature and AS is the delta in entropy
that the lattice has. The entropy is composed of a vibrational and a configurational parts.
The configurational part is far larger that the vibrational part; therefore, the entropy
change is mainly the entropy related with the number of ways that the lattice with a given
number of holes can be arranged. W, the number of ways that Nsi silicon atoms per unit
of volume and NV vacancies per unit of volume can be arranged in a different way is given
by
W - NV + Nsi) _ (N,+Nsi)! (A.2)
The delta of entropy related with this number of different configurations is equal to
KbIn( W) where Kb is the Boltzmann constant.
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Vacancies are thermal equilibrium species; therefore, they always exist at any temperature
in any lattice even inside a lattice free from other defects. The number of vacancies per
unit of volume in thermal equilibrium is denoted by No and follows an Arrenhius relation
shown in equation (A.3):
AG
N" oc e KbT (A.3)
Therefore, the thermal equilibrium number density of vacancies is also equal to the fol-
lowing expression:
AHV
N" = We KbT (A.4)
If the number of vacancies per unit of volume is far less than the number of lattice atoms
per unit of volume W is approximately equal to Nsi.
The interstices are modeled the same way, with an activation energy of 4.5 eV instead of
2.5 eV.
In thermal equilibrium the number of holes, p, times the number of electrons that are free
for conduction, n, is equal to the square of the intrinsic carrier concentration n1 . This rela-
tion is known as the material law.
Substitution defects are produced by doping the substrate material: once the doping spe-
cies have been inserted inside the lattice, if they have electrochemical affinity with the
substrate lattice, by applying heat, they will occupy either vacancy places or places for-
merly filled with substrate atoms.
A.4.2 Planar Defects
The most important planar defects are the dislocations, where there is either one less or
one more plane than the planes needed to build a perfect lattice: one type of dislocation
has a special name: Stacking fault, where a <111> plane is missing.
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Dislocations appear every time some process was done quickly, such as making the silicon
allowing large pressure or temperature changes in a short period of time.
Dislocations explain why only a 0.2% strain is needed to make a material flow plastically:
a perfect lattice would require far more energy and deformation to achieve the same result.
The idea is that when dislocations are moved, the material flows plastically.
Dislocations can move through the lattice: they can either glide (slip across the lattice in a
direction parallel to the normal of the plane) or climb (move across the lattice in a direc-
tion perpendicular to the normal of the plane). The energy associated with a dislocation is
basically the deformation energy and the energy represented in the number of bonds that
are to be broken in order to move the dislocation. The problem (and the advantage) of dis-
locations is that they attract defects. Therefore, the best way of getting rid off the disloca-
tions and any other non-thermal equilibrium defects from the parts of the lattice where
defects are dangerous is by using defect traps. Defect traps are composed of highly deteri-
orated material. Defect traps act as sinks of defects by an effect called "gettering". Usually
the defect sinks are located on the back surface of the wafers, which is the place where the
wafers have mechanical contact with the twisters and holding machinery. The way to
move those defects is by applying a increment in the temperature of the lattice.
A.4.3 3-D Defects
A material can absorb a maximum amount of particles per unit of volume of a given sub-
stance at a given thermodynamical condition. If more material is supplied than the maxi-
mum absorbable value, known as saturation point, the remaining material is going to
precipitate forming a 3-D conglomerate of the substance. The free energy associated with
these nucleated defects is given by the following expression:
AGsat = -KbTln () (A.5)
(C
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where C0 is the saturation concentration of the substrate at a given thermodynamical
point and C is the actual substance concentration.
A 3-D defect can also be generated by nucleation: when a substance is solidifying the
solidification process starts in several places, and if it is done fast enough the lattice will
grow from several independent points with no matching and therefore, a boundary
between the different grains is formed. This boundary is stressed and it is a defect in terms
of the ideal infinite atomic lattice.
In a homogeneous nucleation the free energy is formed by adding the energy associated
with the volume and the energy associated with the boundary:
AG = dVol -AGyo;+ dA . AGA (A.6)
In a heterogeneous nucleation the free energy associated with the surface is zero.
A.5 Thermal Oxidation
The first issue to address about silicon oxide is that in reality it is silicon dioxide, SiO2 -
The nickname of silicon oxide comes from the fact that is the only oxide that is generated
from silicon as a compound and therefore, one is not ambiguous to refer to it by using
some non-completely accurate name (silicon oxide can absorb a certain amount of silicon:
if enough silicon is absorbed the material would have as many atoms of silicon as atoms of
oxygen, in an alloy-like bonding). The silicon oxide can be formed by putting the silicon
substrate into an oxidizing environment consisting of high temperature and either oxygen
or water vapor. Silicon oxide is one of the keystones of microfabrication processes due to
its physical and chemical properties, listed as follows:
e Silicon oxide is chemically inert, HF being the only acid that can etch it in a
reasonable amount of time.
- The melting temperature of silicon oxide is 1600 0 C.
e Silicon oxide acts as a diffusion barrier and can also be an etching mask.
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- Thermally grown silicon oxide has a breakdown electrical field equal to
109V/m, one of the highest breakdown electrical voltages for a substance.
e Silicon oxide grows continuously in the silicon-silicon oxide interface. This
fact implies that the quality of the film adherence is excellent.
- The thermal expansion coefficient of silicon oxide is quite similar to the
thermal expansion coefficient of silicon. This reduces the possibility of ther-
mal stresses and allows to grow thick layers of silicon oxide.
- Silicon oxide is an amorphous material. It does not have to align to the sub-
strate lattice even though it is firmly attached to it. Silicon oxide is less
packed than silicon: Nsio2 = 2.2 - 1022atoms/cm3 .
- Silicon oxide regardless of the way of depositing/growing is stoichiometric
under a wide range of deposition conditions and environments; therefore, the
physical properties of silicon oxide are highly predictable and independent
of particular fabrication methods.
The mechanism to thermally grow oxide consists basically of diffusing oxygen through
the silicon oxide film already existent, reach the silicon-silicon oxide interface and then
react with the silicon to produce silicon oxide. If starting from water vapor the by-product
of the chemical reaction is hydrogen.
If Xsi is the silicon oxide thickness that was thermally generated, 0.44Xsi is the distance of
the silicon that is consumed. Therefore, 0.56Xsi is the thickness increase from the original
substrate surface.
If the silicon oxide is grown in a wet environment, that is with water vapor, it is generated
far faster because at the high temperatures where the process takes place the solubility of
water in silicon oxide is 1000 times the solubility of oxygen in silicon oxide.
The most common reduced order model that is used to predict the thickness of the silicon
oxide is the Deal-Grove model, explained briefly in the next paragraph. The result is a sec-
ond order equation that relates the oxide thickness to0 to the time t by using the linear
coefficient B/A, the parabolic coefficient B and a correction time factor t :
t 2 +At, = B(t -) r ( A.7)
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The linear coefficient is proportional to the activation energy and the parabolic coefficient
is proportional to the energy to diffuse the oxidizing agent. For small periods of oxidizing
time the silicon oxide growth is linear, but when the diffusion of the oxidizing agent
through the silicon film becomes the critical step of the process the oxide growth slows
down and becomes proportional to the square root of time. The time correction factor is
used only for dry oxide growth, starting from bare silicon, if t is such that it creates an
oxide thickness larger that 300 angstroms [Campbell, 1996]. All the coefficients have tem-
perature dependence. The following is a table that gives the proper values of the different
coefficients:
TABLE A.1 Linear, parabolic and time correction coefficients for thermally grown silicon oxide
[Campbell, 1996]. Wet coefficients were obtained for 640 torr.
Temperature Dry Dry Dry Wet Wet
B B
(OC) A(gm) (gm2 /hr) t (hr) A(gm) (gm2 /hr)
800 0.370 0.0011 9 - -
920 0.235 0.0049 1.4 0.5 0.203
1000 0.165 0.0117 0.37 0.226 0.287
1100 0.090 0.027 0.076 0.11 0.510
1200 0.04 0.045 0.027 0.05 0.720
The Deal-Grove model explains well the wet thermal oxidation process. In the case of dry
thermal oxidation the model overestimates the silicon oxide thickness and does not
explain why the oxide in the first stages grows faster than predicted. The explanation of
the latter issue deals with the fact that the oxygen while diffusing through the silicon oxide
film is ionized and thus it generates an electric field that accelerates the oxygen that is
traveling: this effect causes an oxygen abundance in the first moments of the oxidation
that increases the oxide formation rate.
If the silicon is highly doped with boron the silicon oxide is weakened because boron has
a higher saturation concentration in silicon oxide than in silicon. The result is an increase
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in the diffusion rate; therefore, the parabolic constant increases. No appreciable change in
the linear coefficient is noted [Campbell, 1996].
If the silicon is highly doped with phosphorous, given the fact that the saturation concen-
tration of phosphorous is less in silicon oxide than in silicon, the phosphorous is accumu-
lated in the interface and thus the linear coefficient increases. No effect is produced on the
parabolic coefficient.
Wet oxidation is not dependent on the lattice orientation. Dry oxidation is dependent on
lattice orientation through the linear coefficient. The slowest growth rate is in <111>
because that is the plane with less bonds to offer for bonding. The parabolic coefficient is
not changed since the silicon oxide is amorphous.
In the silicon-silicon oxide interface some quantum states are formed in the gap between
the valence and conduction bands that allow electrons to cross it more easily. An anneal-
ing process can correct this problem.
Silicon oxide can also be deposited by using chemical vapor deposition, as will be dis-
cussed later in this Appendix. Chemical vapor deposition can be carried out in several
background environments that influence the physical properties of the silicon oxide film
that is generated. Table A.2 is a useful chart of the several possibilities to make silicon
oxide appear on top of a substrate with their related product physical properties. From that
information is can be realized that thermally grown silicon oxide is the ideal procedure to
generate silicon oxide in terms of its physical properties: the other processes are a trade off
between yield and speed in processing and can be an acceptable solution in some scenar-
ios.
TABLE 6
Properties of silicon oxide films
Plasma Plasma APCVD LPCVD LPCVD LPCVD
Deposition SiH4 + O2(or N2 0) TEOS + 02 TEOS + 03 SiHA + 02 TEOS + 02 SiC 2H2 + N2 0 Thermal
Temperature(*C) 250 400 400 450 700 900 1000
Step coverage Nonconformal Conformal Isotropic Flow Nonconformal Conformal Conformal Conformal
Composition SiOj.9 (H) SiO, Si0 2(-OH) SiO 2(H) SiO 2 (-OH) SiO 2(-Cl) SiO 2
Stress 3C-3T C-T T 3T iC 3C 3C
(109 dyne/cm 2)
Dielectric constant 4.9 - - 4.3 4.0 - 3.9
Dielectric strength 3-6 6 3-6 8 10 10 11
(106 V/cm)
Refractive index 1.45 1.45 - 1.44 1.46 1.46 1.46
Density (g/cm 3) 2.3 - 1-2 2.1 2.2 2.2 2.2
Etch rate, nm/min 40 164 - 6 3 3 2.5
(100: 1 H20: HF) 20: 1 H20: HF
Comments High density High density Excellent surface High density High density High density Excellent quality
Cusp problem Limited surface coverage Low temperature High temperature High temperature High temperature
and microparticle coverage Self-planarization High moisture No doping
contamination (combinations Low density affinity capability
with SOG or High moisture Backing-induced
0 3-TEOS) affinity crack
Stress-induced
crack over 2mm
thick
0
10
CD
Cs
0
0
01h
-0
0
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A.6 Thermal Budget
The thermal budget takes into account the unwanted diffusion processes that exist due to
the fact that high pressure and high temperature conditions are used while microfabricat-
ing. For instance, a thermal oxidation usually involves temperatures around 1000 0 C that
is enough to diffuse the doping species deeper into the substrate. A good microfabricated
design should estimate and be robust to these extra effects. A good advice is to use arsenic
as background doping species in n-type silicon devices because it has a quite low diffusiv-
ity compared to the other doping species.
The way to estimate the length deviation Leq is by adding the deviations of the different
thermal processes:
N
Leq =iti (A.8)
where Di is the effective diffusion of the step i that lasted t; time.
A.7 Vapor Deposition
The process involves a silicon substrate immersed in a gas that carries the material to
deposit. The gas is modeled as an ideal gas with the ideal gas law expressed as
P-v = R -T (A.9)
where P is the absolute gas pressure, v is the specific volume, R9 is the gas constant and
T is the absolute gas temperature. Deposition takes place at low pressure ranges, usually
below 10-3 Torr. The background pressure ranges between 10-4 and 10-12 Torr.
The gas also can be described as a Maxwellian gas where the mean velocity of the parti-
cles is given by the following expression:
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vel = KbT (A.10)
-MW
where MW is the molecular weight of the gas. From this model the mean free path X can
be calculated by using the following equation:
x = 1 (A.11)
,FnN - 02
where N is the gas number density and 0 is the molecule effective diameter of the mole-
cules, [p2 10- 5 cm 2 . At 10-3 Torr. the mean free path is around 50mm; for 1 atm. of
pressure the mean free path is around 658 Angstroms. If the characteristic length of the
system is far larger that the mean free path the flow is viscous; in the opposite case the
phenomenon can be modeled as a molecular flow, without collisions between the gas mol-
ecules.
There are several types of vapor deposition that are used in microfabrication:
A.7.1 Evaporation
Evaporation is a chemical and thermal deposition. In this case the flow is modeled as a
molecular flow. The idea is to volatilize the material to be deposited, transport it by using
some inert gas and then deposit it on the surface to treat. This way an epitaxial film can be
achieved (that is, the deposition of an ordered film using as template the substrate lattice).
The step coverage is poor; therefore, the abrupt topography makes shadows. This problem
can be corrected by applying high temperature to make the material diffuse through the
surface and rotation of the wafer to try to get the most places under the influence of the
incoming gas.
The core issue of the morphology of evaporation is the fact that it can present shadow
instabilities; that is, each nucleation seed can shadow incoming material and the film that
is created might not have uniformities.
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A.7.2 Sputtering
This is a physical field assisted deposition of ions. The substrate is placed into a plasma
while setting on it a certain potential to attract ions. The ions hit the surface losing their
energy and then bonding to the surface. Sputtering has high anisotropy and it is ideal for
depositing metals or refractory materials.
A.7.3 Chemical Vapor Deposition (CVD)
CVD is by far the most versatile deposition system. It can create films with thicknesses
from 10 angstroms to 10 microns. The characteristic length of the deposition system is far
larger than the mean free path of the gas; therefore, the gas shows viscous properties.
The substrate should be inside the momentum boundary layer for this effect.
CVD basically implies:
. Transport the reactants in the gas near the surface.
. Make them react on the surface.
- Get the by-products and the unused reacting gas out from the surface.
Hot wall CVD condenses the product species on the substrate; therefore, the reaction takes
place in the gas before it gets in contact with the surface. Cold wall CVD does the oppo-
site; therefore, the reaction takes place on the surface of the substrate. Hot wall is good to
make the coldest part of the chamber receive the film while avoiding chamber clogging
problems; cold wall CVD is good for growing silicon on top of the existing silicon sub-
strate.
A CVD piece of equipment is composed of a source of reacting species, a gas carrier, a
deposition/growth chamber and an effluent gas to remove the by-products. If CVD
involves low concentrations the different processes are independent and can be modeled
separately.
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On the surface two processes take place to assimilate the film: physisorption, where the
molecules are physically absorbed on top of the substrate lattice and no kinetic energy is
used in processes normal to the surface, and chemisorption, where the molecules already
on the surface diffuse across it toward the nucleation centers. The diffusivity of the species
also follows an Arrenhius behavior. The diffusivity is proportional to the temperature and
so is the quality of the film that is created.
The deposition rate plays a major role in the kind of structure that is formed. In the low
deposition regime the new film has enough time to align with the substrate lattice and
therefore, epitaxial growth by ledge motion is possible. On the other hand in the high dep-
osition rate regime the film growth has an island behavior thus producing several grains
and grain interfaces: for instance if silicon is being deposited a polysilicon film would be
created by using high deposition rates. At low temperature-low pressure the deposition is
rate controlled and is highly dependent on temperature; at high temperature-high pressure
the deposition rate is flow controlled, limited by the momentum boundary layer, and it is
independent on the temperature.
The background pressure is set depending on the desired result. Atmospheric pressure
CVD is good for generating thick films in a short period of time with deposition rates up
to 1 micron per minute, while low pressure CVD (LPCVD) deposits a high quality, con-
formal film with deposition rates around 30 Angstroms per minute. LPCVD has the extra
feature that batch processing is possible due to the flow behavior as a molecular flow.
CVD can also be plasma enhanced to give it a certain preferential directionality or to have
the same result of a high temperature CVD at lower temperatures.
Among the attributes of CVD are the following:
e Film uniformity.
e High purity films.
- Highly selective on the materials to receive the film.
e The materials that are deposited by using CVD have excellent electrical
properties.
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- Step coverage: CVD is ideal for covering conformally any topography.
- Deposition of material at low temperature: unlike evaporation, chemical pro-
cesses have a mayor role in the material that is going to be deposited/grown.
- Refractory materials can also be deposited.
The epitaxial growth in CVD is called Vapor Phase Epitaxy VPE. This procedure has sev-
eral advantages, among them the following:
- The thickness of the film can be controlled up to atomic scale.
- The interfaces between materials have excellent characteristics.
- Excellent quality control.
Any other material on the substrate surface has to be removed, given the fact that VPE
takes place at high temperatures and it can get inside the bulk material by diffusion. Epit-
axy is a quite selective process because it only attaches to the same material.
A.8 Diffusion
Any material with a concentration gradient tends to evenly distribute itself due to random
thermal motion so the concentration gradient disappears. The diffusion process is modeled
by using the first law of Fick that relates the particle flux j with the concentration gradient
VC as
j =-D - VC (A.12)
where D is the concentration diffusivity. If the diffusivity is assumed to be independent of
the local concentration, a continuity balance yields the following equation:
C- DV 2C (A.13)
wt
where C is the concentration.
This diffusion model has several limitations, among them:
- The diffusion process is assumed to be isotropic.
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e The concentration should be small.
e It does not contemplate the effects of electric fields and the doping particles
can be charged.
e It is usually assumed a 1-D behavior.
e The model is good for simulating substitutional species but not good for sim-
ulating interstitial species.
There are two types of species that can be diffused: substitutional and interstitial species.
Substitutional species move and occupy free positions in the substrate lattice while inter-
stitial species move across the lattice by using the interstices of the lattice. Substitutional
species are Boron, phosphorous, Arsenic, Aluminum, Gallium, Antimony and Germa-
nium. Interstitial species are Gold, Oxygen, Iron, Copper, Nickel, Zinc and Magnesium. A
doping species that acts as an acceptor should have a valence energy level close to the
valence energy level of silicon and a doping species that acts as a donor should have a
conduction energy level close to the conduction energy level of silicon. Any doping spe-
cies that is meant to act electrically must be substitutional and be part of the lattice. The
hopping frequency of the doping species increases orders of magnitude if the lattice has
defects, the hopping frequency is dependent on the doping concentration and the number
of vacancies and interstices per unit of volume the lattice has.
The diffusivity depends on the way the species travel through the lattice. Interstitial atoms
have larger diffusivities than substitutional atoms. The net diffusivity is also influenced by
the presence of charged vacancies, the number of free carriers, the hole-to-free electron
proportion and the temperature. The general expression to estimate a diffusivity is the fol-
lowing:
D = D + (D + D + ... + (P-)D++ (P D++ +... (A.14)
where n is the concentration of free electrons, p the concentration of free holes and n, is
the free carrier concentration. Each of the partial diffusivities follow an Arrenhius behav-
ior:
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D K= D Ke KbT0 (A.15)
The next table gives the different activation energies and coefficients for the partial diffu-
sivities for several doping species in silicon.
TABLE A.3 Diffusion coefficients and activation energies for common impurities in silicon
[Campbell, 1996]. Diffusivities are in cm 2 /s and activation energies are in eV.
Species D E D- E D E D E
Speie o0 0a o a
As 12.0 4.05 0.066 3.44
P 44.0 4.37 4.4 4.0 3.9 3.66
Sb 15.0 4.08 0.21 3.65
B 0.037 3.46 0.41 3.46
Al 1.39 3.41 2480 4.2
Ga 0.37 3.39 28.5 3.92
The free carrier concentration for silicon is equal to
ni = 7.3 - 1015 T31 2 e 2 KbT carriers/cm 3 (A.16)
where the gap energy is calculated by
0.000473 T2E = 1.17- 636+T (A.17)
A silicon substrate that is highly doped has their doping species as the corresponding free
carrier concentration; therefore,
ND n
NA P
(A.18)
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It any other case the following expressions calculate the free carriers in combination with
the material law:
If ND, n = + ?2
NA (N 2If N, pA= -+ +n
(A.19)
A.8.1 Standard Solutions of the Diffusion Equation
This case models the diffusion
species environment.
of species through a wafer when it is exposed to a
These are the boundary conditions:
C(z, 0) = 0; in other words the wafer starts without diffusing species
inside.
e C(O, t) = Csat, that is the surface concentration is the saturation concentra-
tion for the doping species in silicon at the process temperature.
e C(oo, t) = 0; in other words the wafer acts as a semi-infinite plane.
* Constant temperature process; therefore constant saturation concentration.
The solution of the diffusion equation for 1-D gives a concentration profile equal to
C(z, t) = Csaterfc(2 (A.20)
where z is the dimension across the wafer thickness, t is the time elapsed and erfc is the
complementary error function. The total number of doping atoms per unit of top surface is
called the dose Q and it is given by
Q(t) = fC(z t)dz = 2CsatjDt (A.21)
0
Casel.
doping
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Case 2. This is the case of a drive-in process where a concentration profile already inside
the wafer is diffused by applying temperature. The boundary conditions are:
e The dose is conserved.
- The dose is modeled as a Dirac function on the top surface; therefore,
C(z, 0) = 0, z # 0, C(0, 0) = QS(z). This boundary condition is related
with the fact that the initial doping dose is close to the top surface compared
to the distance that is going to be driven inside the substrate. In other words
the characteristic length of the diffusion, that is the junction depth of the ini-
tial concentration profile, is far smaller than the characteristic diffusion
length of the drive-in, D-rt.
The solution of this problem is a concentration profile expressed by
z2
Cz, t) = e 4Dr (A.22)
Junction Depth. The junction depth is defined as the distance from the top surface where
the background concentration and the profile concentration product of doping are equal.
From the top surface to this point the diffusion profile is valid and starting from the junc-
tion depth the concentration profile is assumed to be uniform with a value corresponding
to the background concentration.
A.8.2 Corrections to the Standard Model
One of the major corrections that is introduced to the 1-D diffusion model is the consider-
ation of the effects of electric fields. The doping species flux is now equal to
-7
j=-DVC+ qC*E- (A.23)KbT
where E is the electric field and (Dq)/(KbT) is the mobility of the species in the bulk
material by the influence of the electric field. If the fluxes of both polarity carriers are
taken to be equal the equation can be simplified into the so called ambipolar diffusion
expression:
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j~ -D(1 +il)V C (A.24)
where rj is a parameter depending on the effect of the electric field on the diffusion pat-
tern, and has values from 0 up to 2; therefore, the effect of the electric field can up to
duplicate the net diffusion.
The remaining two largest problems related to the standard model solution are:
e There are segregation effects in the interfaces of different materials that
change the predicted profile.
e There is lateral diffusion (perpendicular to the normal of the plane surface)
that can be up to 75% the axial diffusion.
A.9 Plasmas
Plasmas are ionized gases composed of ions and electrons. The plasmas used in microfab-
rication can be modeled as Maxwellian gases with a velocity distribution function equal to
M 3/2 -mv2
P(v) = 4c(x mbT) v 2 e 2KbT (A.25)
where P is the probability to find a particle with velocity v if the system is composed of
particles of mass m and T is the absolute gas temperature. The average velocity and mean
free path are calculated by using the same expressions for low pressure gases. If hard-
sphere collisions are assumed for a Maxwellian gas the momentum diffusivity can be cal-
culate by
D = c (A.26)
v3
where X is the mean free path and c, is the mean thermal velocity. The viscosity is given
by the following expression:
= MW.n. c (A.27)
v 3
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where MW is the molecular weight of the gas and n is the number density. The thermal
conductivity is given by the following expression:
c- (A.28)
where C, is the constant volume heat capacity.
The magnetic field makes electrons reduce substantially their diffusivity and therefore
maximize the number of collisions that end up in ionization. Electrons create ions that are
to hit the substrate if this substrate is negatively polarized.
Not only the ions but the electrons of the plasma can be used to enhance the deposition/
growth rate of the fabrication procedure. Plasmas are used in microfabrication for a num-
ber of things, among them:
e PECVD: Plasma Enhanced Chemical Vapor Deposition. With this procedure
metals can be deposited on the wafer surface while having low temperature.
. HDPCVD: High Density Plasma Chemical Vapor Deposition: This CVD
procedure can handle quite reactive flowrates. It enhances the gap fill, con-
formal while depositing at a faster rate.
e Gas Phase Etching: This procedure aims at anisotropic etch features on the
top surface of the wafer. There are three possibilities:
- Sputtering ion milling, where energies above 100keV are transmitted to
the ions that hit the wafer surface. The cut is highly anisotropic, does not
have material selectivity and usually causes lattice damage to be repaired
by annealing. Ion milling needs molecular flow to operate so low pressures
are involved.
- Reaction ion etching: This procedure is also anisotropic but unlike ion
milling it has some selectivity on the working substrate because the ions
have to react with the substrate to remove it. The energy that the ions
receive is less than the energy received by ions used in ion milling.
- Plasma etching: This etching procedure is highly selective, isotropic
(because the plasma is used just for creating and enhancing the chemical
reaction), involves low energy ions and unlike the two previous etching
procedures in plasma etching one does not apply potential to the substrate.
The chemistry of plasma etching is as follows:
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e A plasma is generated where electrons and ions become available.
. The ions are absorbed by the substrate surface.
- The ions react and the by-products are volatilized.
e The by-product species are diffused out of the substrate.
e Depending on the bias voltage applied to the substrate the same chemistry
can either etch or deposit material
The plasma frequency (o, is defined as
2
,= n (A.29)
where n is the number density of the ions, e is the electron charge, 60 is the electrical per-
mittivity of free space and m is either the electron or the ion mass. If a plasma is excited
with an electromagnetic wave with frequencies higher than the plasma frequency the wave
passes through the plasma without interacting with it. If the opposite occurs the plasma
absorbs the wave in a damping action: this effect puts energy into the ions and this way a
plasma can absorb energy from an external source and the etching rate increases. If the
plasma frequency is calculated for electrons instead of ions, the effect for lower-than the
plasma frequency electromagnetic waves crossing the plasma is that the electrons are
heated up and more dissociation occurs resulting also in an increase of the etching rate.
A.10 Ion Implantation
The other way to dope a material is by implanting directly ions that are electrostatically
accelerated. Silicon is doped in order to make either n- or p- junctions that can be used in
solid state devices or to make a certain path conductive (electrodes). A standard piece of
equipment for ion implantation has the following parts:
e Ion source: starts from the doping material in low pressure gas phase. Then
an arc ionizes the material that is to be implanted; a magnetic field might be
present to enhance the ionization.
e Mass selector: it is a device composed of a circular path of radius R, angle <D
that continues into a channel of length L. The device has a magnetic field
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perpendicular to the circular path and the channel that is set up to make only
ions of a given specific mass to follow the curved path and then the channel.
The opening width D in the end of the channel can be related to the previous
parameters by using the following equation:
D = mR - - I - cos(CD)+ sin(CD) (A.30)2 m IY
where m is the mass of the ion and 8m is the mass difference between the
two most dissimilar particles that can pass through the system. This way the
device distinguishes particles with same specific charge but different mass
(for example double ionized species of some other material).
e Accelerator: it is a system that has electrostatic lenses to both focus and
accelerate the ion jet. It also has a filter for neutral species. The reason for
this is that the way to measure the dose that is implanted to the substrate is
by measuring the current they carry, the same current that is provided by the
lattice to neutralize the incoming ions: usually the wafer is put inside a Fara-
day cage to avoid any background noise.
- End station: two sets of electrodes make the ion jet reach any part of the top
surface of the substrate.
Once the ions reach the surface they lose energy by the combined effect of a "drag force"
due to the electrons of the lattice and by collisions with the atoms of the lattice. Range is
the distance that the ions travel inside the substrate; projected range is the axial projection
of the range. The electrons exert a drag force to the ions that is proportional to the ion
velocity, which is proportional to the square root of the kinetic energy of the ions. This
way an energy dissipation factor Se is defined:
Se = due to electrons = KeA (A.31)
where KE is the ion kinetic energy and Ke is a proportionality constant that depends on
the ion mass and atom lattice mass. Because the drag is related to the ion velocity it is
important only when the ions have high energy. The ion collisions occurs mainly when the
ion has low velocity. If the energy of the ion is not large enough the ion cannot displace a
lattice atom from its equilibrium position in the lattice. An energy dissipation coefficient
S, for the collision effect is also defined as:
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S - f(E) (A.32)dz/ due to collisions
The projected range Rp is then define as
0
Rp= 1 dE (A.33)
E
The deviation of the projected range ARp is called the straggle. The doping profile is
modeled as a random walk and is given by the following equation:
( z - R p)2
C(z) = e~2(AR2 (A.34)
4,/2ThARp
In practice the range and the projected range are read from figures based on Monte Carlo
simulations. The following figures are taken from Campbell's book [Campbell, 1996]:
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Figure A.1 Figures to estimate the range and the straggle for differ-
ent doping species on silicon, silicon oxide and photore-
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Ion implantation allows to precisely set the dose Q and make shallow junctions. In order to
restore the top surface a epitaxial growth is made.
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A.10.1 Channeling
Channeling is an effect related with ion implantation. The effect takes place if the doping
species use the holes of the lattice as tunnels, thus reaching larger distances. Channeling is
larger if the implanted ions are substantially lighter than the atoms of the lattice because
they are going to bounce many times until reaching some stable point. The channel acts as
an electrostatic lens that keeps the ion from hitting the lattice. If channeling occurs the
doping profile has a tail. <100> wafers have the largest lattice holes aligned with the nor-
mal of the top surface. The solution to reduce channeling is to tilt a little the wafer so the
holes of the wafer lattice are hidden from the ion jet direction; another solution is to make
amorphous the external layer of the substrate so there is no lattice at all and the possible
holes are randomly distributed; the lighter a ion is the larger the amorphous thickness that
is needed to avoid channeling.
A.11 Photolithography
Photolithography is by far the preferred process to transfer a pattern to the substrate sur-
face. The process involves covering the surface with a photoactive substance that receives
light through a template called mask. To avoid thermal distortion the masks are made of
quartz.
A.11.1 Metrics
The following are the most commonly used metrics to determine the quality of the pattern
transfer:
Resolution. Resolution is the minimum feature size that the photolithography process can
transfer. It is proportional to the ability of the photoresist to distinguish light intensity. A
tool (formally called aligner) to transfer a pattern must have a resolution with a deviation
smaller than a ninth of the minimum feature size (MFS). To determine the resolution a
grid is projected on the wafer and the interference pattern is analyzed. The Modulation
Transfer Function (MTF) is given by
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MTF = 'max Imin (A.35)
Imax + Imin
where Imax is the maximum light intensity achieved in the interference pattern and Imin is
the minimum light intensity obtained in the interference pattern. MTF is a measure of the
contrast that the image has while put on the wafer surface: the sharper the interference pat-
tern the better the contrast. A bad MTF is below 0.5.
Registration. It is a measure of the general accuracy of the whole transfer process.
Throughput. It is the number of wafers per unit of time that can be processed.
There are three ways to do photolithography:
Contact photolithography. Where the mask on its chromium side makes physical con-
tact with the photoresist. If the gap between the mask and the photoresist tends to zero, the
MTF is near 1. With this procedure MFS down to 0.5 microns can be achieved.
Close proximity. In this case a small gap is set between the mask and the photoresist.
The greatest challenge is that the resolution decreases substantially. The minimum feature
size is given by the following equation:
MFS = JKXkg (A.36)
where g is the gap distance, k is the light wavelength and K, is a factor dependent on the
photoresist that was used and is related to the ability of the photoresist to distinguish dark-
ness from light. It also depends on the resolution of the whole system and the etching.
Projection. In this case an optical system is placed between the mask and the photoresist.
The purpose of the optical system is to project the pattern that is on the mask onto the pho-
toresist. The numerical aperture NA is defined as
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NA = n sin(A) (A.37)
where A is the angle formed between the optical axis and the line between the edge of the
lens and the point on the axis that is on the photoresist; nx is the refractive index of the
gap. The MFS that can be achieved by using projection photolithography is given by
MFS = K (A.38)
NA
Therefore, the closer the optics the smaller the MFS.
Depth of Focus. Another aspect of projection photolithography is the depth of focus or
the distance from the top surface that the image is accurately projected on. The depth of
focus a is defined by the following equation:
a - (A.39)
NA2
Therefore, there is a trade-off between the MFS that can be achieved and the distance the
image is available without distortion. In an abrupt topography the depth of focus plays a
major role in the accuracy of the pattern transfer. The MFT in the case of projection photo-
lithography is a function of the spatial coherence of the optic system, a name that desig-
nates the focusing power the optical system has.
The mask is the core aspect in photolithography: if the mask is not good enough there is
no way to transfer a good pattern. Some ways to improve the quality of the mask are:
- To detect and correct fabrication defects, specially unwanted holes on the
chromium surface.
- Pellicalize, that is to put a shroud to the mask in order to receive the frag-
ments detached from the mask and this way keep them from hitting the pho-
toresist surface.
* Phase shifting: that is to set features to produce destructive interference with
the expected interference noise. This way even though the net intensity
decreases, the difference between high and low intensity increases substan-
tially. This is a good procedure to obtain sharp corners.
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e Anti-reflective photoresist. This way the photoresist cannot generate station-
ary light patterns that will decrease the transfer fidelity.
- Operate with small wavelengths.
* Decrease K, down to the possible limits. The theoretical limit is 0.25 but a
tool with a K1 less than 0.65 is rather hard to make.
A.12 Photoresist
Photoresist is nicknamed resist. It is the photoactive substance that is in charge of receiv-
ing the light stream from the aligner and thus assimilate the pattern to be transmitted to the
substrate. The components of a resist are:
- Resin, which is the base substance.
- The Photo Active Compound PAC.
e A solvent, which is the substance that gives the fluidic properties to the mix-
ture.
There are two kinds of photoresist: negative and positive resists. A positive resist reacts
with light in such a way that the resist that is exposed to light becomes chemically weaker
than the unexposed part and therefore, in a developing bath the resist that remains is the
unexposed resist. The opposite case is the explanation for the negative resist. Positive
resists are more widely used because they have far better MFS capability and also because
a positive resist can behave like a negative resist if an extra heating step is included in the
photolithography process: this is called "image reversal". The MFS for a positive resist is
below 1 micron while the MFS of a negative resist is in no case smaller than 2 microns. A
resist can be too sensitive and this way it is degraded by the background light noise.
A.12.1 Metrics
The metrics of a resist are:
Sensitivity. Which is the number of photons of a given wavelength that are needed to
chemically affect the resist.
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Contrast. The measure of the resist ability to distinguish between light and darkness. The
contrast is measured with the parameter T which is defined by the following equation:
T = I(A.40)
loglo(D 10 0/DO)
where D 100 is the minimum light dose that produces a 100% chemical change on the
exposed resist and Do is the maximum light dose that the resist can receive without pro-
ducing any chemical change at all. Ideally the contrast should be as large as possible but a
real resist if good has a contrast between 2 and 3. The contrast depends on the light wave-
length, the oven process and the reflectivity of the wafer surface.
Resolution. The MFS the resist can reproduce.
Complementary Modulation Transfer Function. CMTF, is defined as
1 0 1/T - 1 _D 1 0 - D0CMTF = 1=1/y+I D100 +Do (A.41)101/T+1I D10 + Do
if MTF is less than CMTF, the image is not transferred.
Index of refraction. It is possible to set an interference pattern of the incoming light
from the aligner if both the index of refraction and the thickness of the resist are such to
make the thickness of the resists an integer multiple of half the light wavelength inside the
resist.
A.12.2 How a Resist Works
The following explanation is literally exact for a positive resist, specifically for the DQN
resist. The DQN resists are the positive resists most widely used.
The PAC of the resist is a substance which has aromatic rings with pi electrons that are
mobile. The degree of easiness to dissolve a polymer depends on the size and the packag-
ing degree of the polymer. The base resin is a polymer called NOVOLAC that in presence
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of PAC resists chemical attacks 10 times more than without it. The light sets a chemical
reaction that creates a compound that accelerates the dissolution potential of the resin: this
way the unexposed resist has a far larger chemical resistance than the exposed part. If the
resin is put in a basic environment the resin dissolves. This way the pattern transferred
with light is reproduced by the resist.
A.13 Lumped Capacitance Delay
In standard circuitry the time delays are not related with the inertia effects of the devices
built on the wafer. Most of the delay in processing an electrical signal in a microchip is
caused by the connections between the different devices that compose the chip, specifi-
cally if parallel electrodes with thickness tm separated by a silicon oxide thickness to0 run
together for a length L. The set behaves as a RC circuit where the delay time t is given by
the following equation:
pOEL2 "0o (A.42)
toxtm
where pox is the silicon oxide mass density and cox is the electrical permittivity of the sil-
icon oxide.
This is important because if the MEM has a good amount of connectors the delay time of
the MEM is not related by the inherent physics of the effect the MEM is producing (like
pumping fluid or producing a given displacement), but by the wiring inside the chip that
damps the electrical signals.
A.14 Etching
Etching is removing material from the wafer substrate. The goal is to transfer the mask
template, reproduced in the etching mask, with either fidelity or desired effects. Etching is
either wet, when the substrate is immersed into a liquid mixture, or dry, when plasma is
used to etch features on the substrate.
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A.14.1 Etching Metrics
The most important metrics to characterize an etching process are:
- Etch rate: it is the vertical eroding rate given in length per unit of time.
. Etch rate uniformity: It implies from wafer to wafer (variations within a
batch) and within the wafer (etch gradients on the same wafer).
. Selectivity: It is the ratio between the etch rates of two different substrates
while using the same etching species. Often this metric is used to determine
the etching mask for a given process. Some times a etching mask-film-sub-
strate is used to accomplish etching a feature made of the film material: in
this case the selectivity between the film and the mask is called Sf and it is
dependent on the film thickness uniformity, mask etch rate uniformity, film
etch rate uniformity and edge profile. The selectivity between the film and
the substrate is called Sfs and it is dependent mainly on the corresponding
etch rate uniformities of the individual materials.
- Undercut: it is a measure of the anisotropy of the etching process: some
etching processes can undercut the mask and therefore produce features
somewhat different from the original mask template; this effect is sometimes
desirable. The best way to describe undercut is by the anisotropy A defined
as follows:
A = 1 ER ET (A.43)
E RvERT
where ERLAT is the etching rate in the lateral direction and ERVERT is the
etching rate in the vertical direction. An anisotropy of 1 will describe an etch
with no undercut at all that forms rectangular cross sectional features while
an anisotropy level of 0 describes an etching process that produces spherical
features in the boundaries.
- Substrate damage: Some features and substrates can be damaged by using
plasma. The damage can be either physical of chemical attack.
- Bias: it is the difference in the lateral dimension between the mask template
and the etching mask. It describes the fidelity of mask transfer (keep in mind
that most etching masks are resist films and they are developed by using a
chemical bath). It can also be the difference in lateral dimension between the
etching mask and the actual feature created in the film/substrate; therefore,
bias in this case is highly dependent on the degree of anisotropy of the etch-
ing process.
224 APPENDIX A
Tolerance: is the degree of missmatching between a given mask template
and an acceptable reproduction of the mask template by using etching; it is
related with the statistical distribution of bias.
A.14.2 Wet Etch
Wet etch is the etching procedure that implies placing the substrate in a liquid bath to
make it react chemically in order to etch the desired features. The chemical bath is a com-
position of usually three substances that act as etchtant, solvent and catalyst/transport
enhancer. The key issues about wet etching are:
- Wet etching is hard to control to obtain reproducibility and dimensional
yield. This is because wet etching is quite sensitive to stirring, background
light intensity temperature and small changes in the etching composition. A
rather small change in the etching composition might result in an etching
rate orders of magnitude different from the first one.
- Wet etching is prone to defects. The wet etching procedure does not contem-
plate any special environment apart from a clean room: the particle flux is
larger that in the dry case and contamination from this source is possible.
- Sometimes bad uniformity: It is possible to obtain high etch gradients on the
same wafer due to stirring patterns, light exposure or even depth from the
etching bath free surface; therefore, the wafer should be kept horizontal to
avoid non-uniformities. Another source of etching gradients are the bubbles
that might be produced if the by-products are formed as gas: these bubbles
shield momentarily the action of the etchtant and therefore, non-uniformity
appears.
- It does not produce good anisotropy. Apart form baths such as KOH, wet
etching is rather isotropic and some applications might require a completely
anisotropic etching (for example electrode formation). In the case of KOH
the etching is highly dependent on plane orientation and therefore, a highly
precise etching might require pre-etching to find out the true plane orienta-
tion of the substrate lattice.
* Wet etching is cheap: it does not need expensive facilities to produce plasma
in high vacuum as it is the case of dry etching. If the features to etch have a
MFS larger than 2 microns and do not need to be highly accurate wet etch-
ing is the best solution.
* Wet etching is highly selective. The nature of wet etching is chemical; there-
fore, it is possible to select an etching mask that has an etching rate orders of
magnitude smaller than the etching rate of the substrate. Furthermore, there
might be some features already formed that do not require to be covered by a
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mask because of their inherent selectivity with respect of the etching bath:
this is called a self aligned mask and it is highly desirable to increase the dye
yield (dye yield is inversely proportional of how many times a new mask had
to be aligned with its correspondent misalignment uncertainty).
- Wet etching is usually harmless to the substrate it is acting on. This means
that even though the bath is etching the material this material has a finish
which is free from defects.
e Wet etching can be used to polish and smooth surfaces. This is specially
important if the wafers are to be joined to flat surfaces in a later process and
a good sealing is desired.
Wet etching can be described as composed of the following parts:
- The reactants arrive at the substrate surface. This step is dependent on stir-
ring.
- A chemical reaction occurs and by-products are formed. This step is particu-
larly sensitive to temperature and etchtant dilution.
. By-products are taken away from the substrate surface. This step is depen-
dent on stirring
The slowest to the last three processes fixes the etch rate: the step that does it is called the
rate limiting step. Usually stirring implies both a faster etch rate and a more uniform etch-
ing across the substrate surface. Special attention should be paid to the possibility of pro-
ducing by-products in the gas phase because they can turn the process unstable. The
quality of the etching is highly dependent on how well the etching mask was developed.
Some Useful Wet Etch Chemistries
Silicon oxide. The best chemical etchtant is HF. a 6:1 water-HF has an etch rate around
1200 Ansgtroms/min while a 20:1 mixture has an etch rate around 300
Ansgtroms/min. The recipe used in MTL, the Microfabrication Laboratory at MIT, has
an etch rate equal tolOO Ansgtroms/min . The selectivity between silicon oxide and sil-
icon by using HF is around 100:1. HF etching is isotropic. The etching mask can also be
resist.
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Silicon. Usually a mixture between acetic acid (solvent), nitric acid (catalyst) and HF
(etchtant) is used: the idea is to oxidize the silicon with the nitric acid and then to dissolve
the silicon oxide by using the hydrofluoric acid. The solvent can also be water. Based on
MTL author's experimentation a motionless mixture acetic-HF nitric of 80:10:10 @ 20*
C produces an etch rate around 0.08 microns/min while a non stirring mixture
50:40:10 @ 19* C produces an etch rate around 1.27 microns/min. This etching system
is isotropic and needs a silicon nitride etching mask which has an etching rate around 50-
100 Ansgtroms/min. The next figure is a three axis chart that is useful to estimate the
etch rate for many acetic-HF-nitric mixtures [Schmidth,2000]:
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Figure A.3 Three axes diagram to determine the etch
rate on silicon of a given acetic acid-hydrof-
luoric acid-nitric acid mixture [Campbell,
19961.
Silicon nitride. Silicon nitride is an excellent etching mask and shielding material for
MEMs; unfortunately it is rather long to deposit it and just a few tenths of a micron can be
achieved in practice. The best etchtant for silicon nitride is phosphoric acid, H3PO4 . The
etching has to be performed at high temperature (usually 175 0) while being continuously
stirred by using nitrogen because the other components of the mixture have different spe-
cific gravities.Unfortunately not all silicon nitrides that are formed by microfabrication
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procedures are stoichiometric: this influences the etch rate because the less packed the sil-
icon nitride is the faster it is etched. For stoichiometric silicon nitride the etching rate is 60
Ansgtroms/min with a selectivity silicon nitride-silicon oxide of 10:1 and silicon
nitride-silicon of 30:1. These selectivities are enough given the practical range of a given
silicon nitride film. The etching procedure is isotropic but usually is done to completely
remove a silicon nitride etching mask instead of forming silicon nitride features.
Aluminum. A recipe nicknamed PAN (Phosphoric acid, Acetic acid, nitric acid and de-
ionized water) is used.
Anisotropic silicon etching. One way to make anisotropic etching for silicon is to use
the fact that some recipes can discern between silicon planes. A typical anisotropic etching
is a KOH-isopropil-water mixture: a 23.4:13.5:63 etches 100 times faster <100> than
<111>. A <100> wafer will develop pyramid-like features that circumscribe the etching
mask opening; therefore, if precise mask transfer is wanted it is important to find out first
the true plane orientation of the silicon substrate. Because this mixture does not have HF
the etching mask can be silicon oxide, even though the best etching mask is silicon nitride.
Based on MTL experimentation (specifically Samara Firebaugh's research) the following
are some key issues:
1) Always use some sort of surfactant to prevent the adhesion of gas bubbles
formed during the etch to the surface.
2) Silicon nitride is the best mask for KOH etching. Silicon oxide works well
too.
3) It is not a good idea to use a mask template made by using a high resolu-
tion printer because the relatively poorer resolution compared to chromium
mask templates will add to roughness.
4) If using <100> wafers make sure to align the mask to the wafer flat. If
using circles to get inverse pyramidal holes to determine the true <110> ori-
entation, the edges will not be smooth unless the etching time is prolonged.
Misalignment of a square feature will result in striations along the sidewall
and if enough time is given a pyramidal-like hole subscribing the etching
mask opening will be formed.
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5) The temperature is uniform @850 C. Water baths are much better than hot
plates for this purpose. It is usually better to have the wafer horizontal to
avoid depth etching gradients and bubble unsteadiness.
6) As in any wet etching the mixture composition is a key issue to achieve
reproducibility; therefore the composition should be well controlled. The
ideal composition for smooth sidewalls is somewhere between 30% and
40% of KOH (20% is 750 g in 3 L water).
Further information about KOH and other alkali wet etching procedures can
be found in the work od Seidel [Seidel, 1990].
A.14.3 Dry Etching
Dry etching is mainly achieved by using a plasma environment to etch the features that are
patterned in the etching mask. Among the advantages of plasma etching the following are
the most relevant:
- Plasma etching is less sensitive to temperature variations.
* A plasma is far easier to control than a wet etch (turn on-turn off cycles are
electrically controlled) thus reaching high reproducibility usually within 100
Angstroms.
- High anisotropy can be achieved with some recipes while anisotropic fea-
tures can also be obtained with the key advantage of close dimensional
match.
e Dry etching produces less waste material thus being environmentally
friendly.
- There is less chance of getting particle contamination because the dry etch-
ing creates a controlled environment to produce the etching process.
A plasma etch can be describe as a process composed of the following steps:
- The incoming gas is ionized.
- The plasma is dissociated into reactive species.
- A diffusion of the reacting species is carried up to the substrate surface.
. Reacting species are absorbed by the substrate material. In some cases the
ions have enough kinetic energy to get inside the substrate without using
chemical considerations of miscibility.
e The reacting species react forming by-products: the recipes are tuned up to
produce by-products in gas phase.
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The by-products are diffused out from the substrate and then out of the etch-
ing chamber.
There are several dry etching environments that produce different results. The result in
each case is a trade-off between batch capability, quality, anisotropy, and etch rate. The
following list discusses the most common plasma etching procedures:
HPPE. High Pressure Plasma Etching. It this etching procedure the plasma is used as a
reaction catalyst (the gas is inert originally). The recipe most used for etching silicon
oxide is CC14 - 02 and if 100% efficient would produce an etch rate equal to 1000
Ansgtroms/min. The efficiency is less than unity because of several factors such as
sticking efficiency (not all the particles that hit the surface stick to it), by-product volatility
(a by-product film can be produced on top of the substrate surface). This etching is isotro-
pic but it is possible to make it highly anisotropic if the chemistry generates by-products
that act as a protective film attached to the side wall of the etching trench: this is achieved
with hydrogen addition.
There is an etch rate dependence with the exposed area; therefore, the tuning up of the pro-
cess should be done with a dummy wafer that has the same mask pattern than the real
wafers.
Ion milling. This plasma etch occurs in the low pressure range and the plasma can be
seen as a stream of collisionless particles. There is no chemical reaction at all and thus the
etching process occurs by momentum exchange between the ions that are accelerated by
the external electric field and the substrate atoms. Enough energy should be supplied to
make the atoms get out from the lattice potential wells. Ion milling is highly directional,
does not produce by-products and the etch rate is more or less independent on the sub-
strate that is etched. This plasma etching is ideal for producing features that cross through
the wafer and any other high aspect ratio features. the throughput of ion milling is low
because the process cannot be done as a batch process. Ion milling produces high defect
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density (roughness) and needs a rather thick etching mask. Etching near the side walls can
be produced (trenching) if the wafer is not continuously rotated while being etched.
RIE. Reaction Ion Etching and it is an ion assisted etching. RIE is highly anisotropic,
more selective than ion milling, it also occurs at low pressure and the plasma is usually
made of CCl4 . The walls are almost perpendicular to the substrate surface. RIE is capable
of cutting aluminum. RIE can use resist as etching mask if the resist is chlorine resistant.
There might be some chemical contamination and lattice damage, the latter issue appears
in less degree compared to ion milling (the way to repair a lattice damage is by annealing
the substrate with the thermal diffusion that accompanies the procedure).
Lift-off . This procedure is not plasma based but it is dry. Lift-off is ideal to deposit alu-
minum without using two different masks, one for creating the aluminum receptor
trenches and one for depositing and etching the undesired aluminum. The procedure starts
with a resist etching mask then aluminum receptor trench formation and then aluminum
evaporation: evaporation is a process that does not have good aspect ratio coverage; there-
fore, the film formed on the trenches is not physically connected to the aluminum film that
is on top of the resist because of the discontinuity generated by the large slope of the resist
feature. The resist is then dissolved and the aluminum on top of the resist is washed away
in the process. The aluminum deposited on top of the trenches has good adhesion to the
substrate and remains in place. Lift-off has some drawbacks such as yield and is highly
dependent on the abrupt level of the wafer topography.
Appendix B
PROPERTY CHARTS FOR MATERIAL
SELECTION
The following charts are extracted from Ashby's work [Ashby, 1996] and are useful to
preliminary select the materials to work with based on a given profile. The next set of
charts are directly applied to the micro colloid engine:
e Strength versus approximated cost per unit of volume.
e Strength versus density.
e Young's modulus versus density.
* Young's modulus versus density.
e Thermal conductivity versus thermal diffusivity.
e Linear expansion coefficient versus Young's modulus.
e Linear expansion coefficient versus thermal conductivity.
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Figure B.1 Strength versus approximated cost per unit of volume.
APPENDIX B 233
0.1 0.3 1 3 10 30
DENSITY, p Mg/m 3
Figure B.2 Strength versus density.
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Figure B.3 Young's modulus versus density.
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Figure B.5 Thermal conductivity versus thermal diffusivity.
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Figure B.6 Linear expansion coefficient versus Young's modulus.
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Figure B.7 Linear expansion coefficient versus thermal conductivity.
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Appendix C
SOME TECHNICAL DETAILS OF THE
ENGINE THEORY AND MODELING
This Appendix is a compendium of a few technical issues related with some equations that
were used while explaining the physics of the colloid thruster or the different design con-
siderations and decisions.
C.1 The Radius of Curvature of a 3-D Trajectory
Any trajectory in 3-D can be parametrized as a set of three functions that describes the
position of the hypothetical particle that follows such path on space:
x(t)
r(t) = y(t) (C.1)
Lz(t)j
The centripetal acceleration is equal in magnitude to the cross product between the second
derivative of the position vector and the tangent of the trajectory in that point, which is the
unitary vector defined as the first derivative of the position vector divided by its magni-
tude:
r(t)CENTRIPETAL = r(t) - r(t). r(t) = r(t) X r(t) en (C.2)
where en is the unity vector in intrinsic coordinates that points toward the instant center of
curvature. From kinematics it is known that the centripetal acceleration is equal to the
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square of the magnitude of the instantaneous velocity divided by the local radius of curva-
ture, as shown in the following equation:
)2
r(t)CENTRIPETAL R e(.
The result of this analysis is that the inverse of the radius of curvature can be expressed in
an explicit way regardless of the parametrization that was used (the curvature of the high-
way is independent on the velocity of the car that crosses it) as shown in the next expres-
sion:
- = Jr(C.4)
In the case of trajectory that falls into one plane and one spatial variable can be seen as a
function of the other one (allowing to use it as the parametrization variable), the latter
equation reduces into
1 
_(C.5)
RC (1+9 2) 3 /2
C.2 Code to calculate the Hydraulic Pressure drop versus duct
diameter dependence for a fixed flow rate
clear;
clc;
Eo=8.85e-12;
MOB=20;
F=96500;
Temp=input('CURVAS FORMAMIDE Insert the operational tempera-
ture T (K): ');
K=input (' Insert the electrical conductivity, K (MKS): );
dens=276.33*(O.20352)A(- (1-Temp/771)AO .25178);
dens=1289
EPS= 260.76-0.61145*Temp+0.34296e-3*Temp^2;
T=0.107989* (1-Temp/771) ^1.2222;
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mu=0.001*(10^(-10.3646+1965/Temp+0.018169*Temp-1.26e-
5*TempA2));
L_D=50;
val=input('Insert the number of times the flow is going to be
greater than the minimum flow rate: 1);
co=input('Insert the value of correction of the viscosity
(1=no change): ');
mu=mu*co;
if(EPS>40)
FE=20;
else
FE=EPS*20/40;
end
Nmin=MOB*FE*((dens/Eo)A.5)/(1000*F*EPS);
Nmin=1;
Qmin=T*EPS*Eo*Nmin*Nmin/(dens*K);
Q=val*Qmin;
DN=le-6;
j=1
while(j<33)
i=1;
LD (j) =LD+ (j -1) *50;
while(i<80)
di(i)=5*DN+(i-i)*0.1*DN;
pmin1(i,j)=4*T/di(i);
press(i,j)=128*mu*(LD(j))*Q/(3.141591*(di(i)A3));
i=i+1;
end
j=j+l;
end
LD=LD';
ptol=0.9*pminl;
plot(di,pminl,'b');
hold
plot(di,ptol,'g');
plot(di,press,'r');
xlabel('NEEDLE DIAMETER (i)');
ylabel('PRESSURE (Pa)');
title('HYDRAULIC PRESSURE DROP AND SURFACE TENSION PRESSURE
v.s. DIAMETER FOR A FIXED FLOW RATE ');
hold
print -djpeg99;e
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C.3 Code for determining the different parameters that
characterize a proposed engine that will work at a certain
operation point with a given fluid
clear;
clc;
Eo=8 .85e-12;
MOB=20;
F=96500;
V=input('Insert the operational voltage, V (MKS): ');
K=input('Insert the electrical conductivity, K (MKS): ');
dens=input('Insert the mass density, rho (MKS): ');
EPS=input('Insert the relative dielectric constant, Epsilon:
');
T=input('Insert the surface tension, (MKS): ');
mu=input('Insert the viscosity constant, mu (MKS): ');
Press=input(' Insert the working delta of pressure, P (MKS):
');
DN=input('Insert the needle inner diameter, DN (MKS): 1);
val=input('Insert the number of times the flow is going to be
greater than the minimum flow rate: ');
Nmin=input ( 'Nmin:? ');
if (EPS>40)
FE=20;
else
FE=EPS*20/40;
end
Qmin=T*EPS*Eo*Nmin*Nmin/ (dens*K);
Qmin
Mflowmin=Qmin*dens;
Mflowmin
Q=val*Qmin;
Q
Mflow=Q*dens;
Mflow
I=FE*(T*K*Q/EPS)A0.5;
I
PMIN=4*T/DN;
PMIN
Rstar=(Q*EPS*Eo/K)A0.333333;
Rstar
Djet=0 .4*Rstar;
Djet
Vstart=2*DN*(3.141592*T/(Eo*DN) ) .5;
Vstart
q-m=I/ (Q*dens);
q m
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Isp=(1/9.81)*(2*V*q_m)AO.5;
Isp
Emax=1.3e9*((dens)^(1/6))*((FE*T*K/EPS)AO.3333)/
(Nmin^O.33333);
Emax
Qcrit=FE*FE*T*T*T*K*(1/EPS)*(1.87e7/Emax)A6;
Qcrit
Te= (Rotar^3) /Q;
DNmin=(T*Te*Te/dens)AO.3333;
DNmin
power=I*V;
power
Thrust=Isp*9.81*Q*dens;
Thrust
E f f= (V-200) /V;
Eff
vel=Q/(3.141592*(0.5*DN)^ 2);
nn=mu/dens;
Re=vel*DN/nn;
Re
if (Re<2000)
factor=64/Re
end
Lmin=2*Press*DN/(dens*factor*vel*vel);
Lmin
L_D=Lmin/DN;
LD
Press/PMIN
C.4 Solution of the elastic basic equation for an isotropic,
linear material in a non-time dependent equilibrium case.
The elastic basic equation is equal to
V2U+ 1 grad(div(U)) = 0 (C.6)1 - 2V
where U is the vector displacement field and v is the Poisson ratio. If a radial displace-
ment is assumed, that is the displacement is equal to
U = [ U,., 0, 0] (C.7)
and if cylindrical symmetry is assumed, the elastic basic equation is simplified into
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2
dUr idUr Ur
dr 2 rdr r2
(C.8)
The latter equation falls into the Euler equation category, and the solution is r-; by substi-
tution it is found that the displacement field is given by
Ur = a +br
r
(C.9)
where both a and b are constants to determine based on the boundary conditions. The
strain tensor from the linear theory is defined by
E = [grad(U) + gradT( U)]
where the tensor gradient in cylindrical coordinates is defined by
grad(U) =
aUr
r
-- (U)-
rao r
aUr
U()
r
aUO
r
ra6
az
Ur
r
az
ar
laU z
ra6
a z
az
For the actual displacement field solution the strain
expression:
a+b
r2
0 0
0 -+b 0
r2
0 0
tensor is equal to the following
(C.12)
0]
The stress tensor correspondent to a strain tensor in linear theory is defined by
(C.10)
(C.11)
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a = 2G E + 1 2V trace(E)I] (C.13)1 -2
where G is the shear modulus of the material, the trace of a matrix is the summation of the
diagonal terms of the matrix and I is the identity matrix (a diagonal matrix with unity
entries).
The stress tensor for this specific case is equal to the following expression
- +b+ y 2b 0 0
r2 I1-2v
a=2G 0 a+b+ V 2b 0 (C.14)
r2 1-2v
0 0 2b
1-2v
The stress tensor is already in its principal axis system (it is a diagonal matrix). The
boundary conditions are the stress tensor should match the internal hydraulic pressure
when the radius is the smallest possible, and a certain pressure in the outer radius of the
pipe; therefore,
a -nou = -P0
(C.15)
G - n = 
-P H
where A is the unitary vector of the given surface. In both cases the unity vector has a non-
zero component in the radial direction, thus directly influencing the radial stress compo-
nent. By substituting the boundary conditions the constants a and b that remained to figure
out are found equal to
R R2p _
2G[R -R2]
in out](C. 16)
(2v-1)[R P -R PH
2G[R -R2
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P0 is set to zero because the engine is meant to work in vacuum environments. The idea
with this model is to try to have a small deformation related with the failure condition of
the duct; the displacement field that was solved is equal to
R RO,,PH 1 (1- 2v) R2,nPH
U r= - G + Rut r (C.17)
ou ( 2,- R2 n)2G r 2G Rout,- R2 in
If R 2 o, is parameterized in terms of the internal radius as t -R2;, and a standard Poisson
ratio value of 0.3 is taken, the maximum displacement A which occurs in the inner radius,
simplifies to
A= [t 2R, +O.4R ] (C.18)
2G(t 2
- 1)
